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Foreword

Tackling the Concussion Epidemic: A Bench to Bedside Approach is an impressive
collection by an international group of leaders in the field of concussion. This book
comes at a time when concussion is firmly in the public consciousness with increas-
ing academic publications and funding to support this work and even a recent
Hollywood movie focused on the subject. This is a big shift from a decade ago.
Surprisingly, when my group resurveyed Canadian medical schools in 2017, con-
cussion was still absent from the curriculum in some schools, although the number
of schools without concussion on the curriculum was shrinking [1]. I joined the
Canadian Academy of Sport Medicine (CASM) concussion committee which ulti-
mately published in 2000 one of the most important concussion guidelines ever
issued entitled “Guidelines for Assessment and Management of Sports Related
Concussion” [2]. It contained two extremely important and original principles of
management of sport concussion: (1) A player suspected of a concussion should be
removed from the game or practice. (2) Every player suspected of a concussion
should be examined by a “medical doctor.” These were revolutionary principles at
the time, and their value has been recognized ever since. Indeed, they have been
enshrined in almost all subsequent iterations of concussion guidelines in Canada,
and internationally, including the Ontario Neurotrauma Foundation Guidelines [3],
Parachute Canada guidelines [4], and the International Concussion Consensus
Conferences organized by the Concussion in Sport Group (CISG), the last one in
Berlin in 2016, the proceedings of which were published in 2017 [5].

The Sport Concussion Conferences held by the CISG every 3—4 years for the last
20 years have served well as the basis for recognition and management of sports
concussions and concussions sustained in other ways including work, school, motor
vehicle crashes, falls at home, and intimate partner violence. Table 1 summarizes
the major accomplishments of the last 20 years in the field of concussion, and
Table 2 lists the challenges that must be met in the future to provide more informed
management and prevention of concussions.
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Table 1 Accomplishments in the concussion field since 2000

CASM concussion committee “guidelines for assessment and management of sports related
concussion”

Concussion in sport group’s international consensus conferences

Establishment of a working definition for sport concussion unencumbered by the GCS

National Guidelines for Management of Sports Concussions (Parachute Canada)

Guidelines for management of school-based concussions (Ontario Ministries of Sport,
Education and Health, PPM158)

Gradual acceptance of the sports concussion definition for non-sports concussions

Almost every medical school includes concussion in its curriculum

Acceptance that concussion consequences are a spectrum of disorders

Realization that Second Impact Syndrome (SIS) exists and is preventable

Realization that repetitive concussion can cause brain degeneration

Improvement in return to play guidelines and international adoption

Refinement of recommendations for never return to contact sports or other risk environment.

Improvement in return to school/learn guidelines and types of accommodations

Improvement in return to work guidelines and types of accommodations

Realization that anxiety and depression are due to brain injury and not just reactions because of
factors such as inability to return to play

Improved ability to differentiate concussion from whiplash, although they frequently co-exist

Improvement in understanding of the biomechanical forces that cause concussion

Management of concussion Requires a multidisciplinary, individualized team approach

More insurers, lawyers and judges now understand that a brain injury can occur without bruising
or swelling of the scalp, without a direct blow to the head, and without a positive CT scan or
MRI.

Enhanced likelihood that blood biomarkers will aid in the diagnosis of concussion and the
assessment of neurodegeneration following concussion.

Definitions of Concussion and the Consequences
of Concussion

Nosological debates have raged on about the definitions of concussion and the con-
sequences of concussion mainly due to our lack of knowledge about the precise
underlying biological mechanisms. Classically, it has been acceptable to use symp-
toms and syndromes to define conditions like concussion and post-concussion syn-
drome (PCS) when the precise pathophysiology is unknown. Thus, questions like
“should we call it concussion or mild traumatic brain injury (mTBI)?” or “should
we call it post-concussion syndrome or persisting concussion symptoms?” (also
PCS) are often asked by students of concussion. Similarly, does one use the defini-
tions provided by the Diagnostic and Statistical Manual of Mental Health Disorders
(currently DSM-5) of the American Psychiatric Association, the American Academy
of Neurology or the Physical Medicine and Rehabilitation Society definitions? In
my view, the most accurate and useful definitions have been provided by the CISG
of which I have been a participant for several years, with the most recent definitions
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Table 2 Persisting problems in the concussion field

No proven imaging or blood biomarker

Failure to substantially decrease concussions in professional and amateur collision sports

Failure to provide adequate and timely access to medical doctors for the diagnosis and
management of concussion in many parts of developed and less developed countries. therapists
are not adequate substitutes.

Failure to fully investigate all sports deaths by autopsy and inquest

Lack of sufficient enforcement of existing concussion management guidelines in sports and
non-sports, including the need for all governments to enact concussion legislation

Failure to find more effective treatments for many of the symptoms of concussion including
headache, anxiety, depression, PTSD, vertigo, fatigue, photosensitivity and screen intolerance,
etc.

Failure to develop a laboratory model of concussion proven to simulate human concussion

Failure to develop proven physical methods for preventing concussion other than abstinence. For
example, there is no helmet or other device that is proven to prevent concussions.

More work needs to be done on demonstrating the value of education and rules for prevention of
sports concussions.

Failure to develop proven methods of detection of concussions in athletes by sensors.

Failure to define the early clinical manifestations of CTE in time to prevent or treat it.

Lack of a defined clinical entity that is accompanied by the presence of CTE at autopsy.

Lack of consensus concerning the pathological diagnosis of CTE

Insufficient knowledge about the incidence and prevention of concussions and CTE in intimate
partner violence

published in 2017 [6]. Also, my view is that mTBI is an oxymoron and potentially
implies an under recognition that patients may have lifelong symptoms after a con-
cussion. Also, mTBI is based on the Glasgow Coma Scale (GCS) which although
invaluable for more severe brain injuries is useless and irrelevant in concussion.
mTBI as a diagnosis is also harmful when patients do not get fully compensated for
their concussions and PCS by the insurance and legal systems in many countries
because their injuries are “mild” even though the consequences may be lifelong.
Figure 1 shows the gradation of severity of brain injuries with concussion the mild-
est form. Therefore, it is time to fully endorse the term concussion and discard
mTBI. The worth of the CISG definitions is proven by their usefulness for non-sport
concussions listed above.

With concussions and their consequences, symptoms are still the most important
diagnostic criteria because of the lack of reliable biomarkers (see below). Thus, it is
surprising that the term “post-concussion syndrome” has been eliminated from
DSM-5 presumably because a syndrome cannot be based on symptoms only. No
matter, the CISG recommended that children and adults who remain symptomatic
from concussion for more than 28 days have “persisting” concussion symptoms [6].
ITronically, we can continue to use the handy acronym PCS, but now it denotes “per-
sisting concussion symptoms.” Thus, symptoms are still important in concussion,
perhaps more important than in any other field because that is all we have in our
present state of knowledge! Fortunately, the human brain is so smart that it has
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Increasing Severity

GCS All 15 = Normal
(Glasgow (Therefore,
Coma Scale) GCSis
irrelevent!)

Clinical There may be
neurological some
deficits

Fig.1 The severity of brain injuries is shown with increasing severity from left to right. Concussion
is the least severe brain injury and can be differentiated from mTBI. Concussion is a more homo-
geneous category than mTBI which includes more severe brain injuries with focal neurological
deficits and focal imaging abnormalities

provided us with a multitude of symptoms of concussion, about 100, in fact.
Eventually, symptoms may help us with the task of identifying the anatomy and
physiology of concussions in the brain’s multilocation “network.”

What follows is a brief list of some of the important topics covered by this book:

Biomarkers

The continuing lack of concrete neuroanatomical, neurophysiological, and neuro-
pathological characterization of such a common condition as acute concussion is
almost unique in the neurological field. Indeed, we still do not have reliable bio-
markers of concussion, although there are many candidate biofluid and imaging
biomarkers for the concussion spectrum. For example, neurofilament light chain has
considerable promise as a biomarker for acute concussion [7, 8], and possibly also
for the severity of neurodegeneration after concussions [9]. Imaging has been exten-
sively studied as a biomarker for the concussion spectrum of disorders, and there are
some promising leads such as PET scanning with F18 labelled phosphorylated tau
ligands for CTE [10]. Magnetic resonance imaging (MRI) in several forms has been
examined as biomarkers for the concussion spectrum, and recently MRI-based diag-
nostic criteria have been proposed for PCS [11].
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Persisting Symptoms of Concussion

We are making progress in determining why some people do not recover in the first
month after an acute concussion. A large number of pre-existing factors including
migraine, heredity, sex, LOC, number of concussions previously sustained, and
others may be implicated. It is important to continue the research since their identi-
fication may lead to prevention strategies. We have improved the treatment of many
of the symptoms of Persisting Symptoms of Concussion (PCS) including head-
aches, vertigo, photophobia, screen intolerance [12], and especially the mental
health sequelae including depression, anxiety, posttraumatic stress disorder, and
concomitant injuries, especially cervical spine whiplash. Multidisciplinary clinics
have made significant progress in treating PSC with measures like graded, “sub-
threshold” exercise [13]. Critical components of care in PSC are expert manage-
ment of return to learn (RTL), return to play (RTP), and return to work (RTW), all
of which are facilitated by an individualized multidisciplinary approach. Again,
symptoms are important in PCS because treatment is targeted towards relief of
specific symptoms because no treatment can be targeted toward the altered patho-
physiology of concussion which remains unknown. Unfortunately, this dependence
on symptom-based therapy has led to an enormous number of unproven therapies
which are recommended to unsuspecting, desperate patients. This is tragic because
of the waste of the patients’ time and financial resources. Referral to a multidisci-
plinary clinic led by or at least including a medical doctor is recommended.

Chronic Traumatic Encephalopathy (CTE)

CTE is a type of neurodegenerative disease that is highly controversial with respect
to its clinical characteristics, incidence after multiple concussions, and neuropatho-
logical features [14, 15]. It is uncertain what percentage of repetitively concussed
people will develop this neurodegenerative disorder, and how often it is preceded by
a state of chronic PSC. The Canadian Concussion Centre has actively promoted
brain donations among athletes and others so that research can resolve some of
these uncertainties. We have accumulated about 50 brains mainly from professional
athletes who had sustained multiple concussions. Our initial publication in 2013
showed that CTE was present in only one-third of the first six cases, all of whom
had sustained multiple concussions in sports [16]. One of the well-known National
Hockey League players with CTE in our series was chronicled in a book authored
by Ken Dryden. It is likely that other types of repetitive concussions such as in mul-
tiple motor vehicle crashes or intimate partner violence can also lead to
CTE. Fortunately, the international multidisciplinary team of experts required to
elucidate answers about the prevalence and clinical-pathological correlation and
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possible treatment and prevention of CTE are now working together to do the joint
clinical-pathological studies required to further our knowledge of the prevention
and possible treatment of this disorder.

Conclusions

We have made considerable gains in the concussion field in the last 20 years or so
as shown in Table 1, and although I can’t claim a single one to be my own, I have
certainly enjoyed joining the chase for improvement. Similarly, I have enjoyed try-
ing to unravel the mysteries of concussion that still remain as shown in Table 2.
Indeed, Tables 1 and 2 demonstrate that the concussion spectrum of disorders is a
major public health concern, and that further work is required to enhance concus-
sion prevention, recognition, management, and research. It is my privilege and plea-
sure to have been asked by Drs. Schweizer and Baker to contribute to the solution
through this foreword to their book which is aimed at solving some of the mysteries
and deficiencies in Table 2 that remain either unsolved or uncorrected.

The present book is very timely. Tom A. Schweizer and Andrew J. Baker are both
well-recognized experts in the field of concussion. They have gathered an impres-
sive international team of world leaders in the field to discuss the state-of-the-art
research and clinical management of concussion. As discussed above the book cov-
ers a very diverse list of topics relevant to the field and represents a significant
introduction and summary of the current state. I strongly recommend this book to
researchers and healthcare practitioners with an interest in this topic.
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Preface

Concussion can have a devastating impact on people’s lives. Even if not devastating,
concussion can impair the experience of life for weeks, months, years, and decades.
We have discovered that concussion affects more people than we ever realized. We
have also discovered that concussion impacts different people in different ways.
And finally, we have discovered that access to evidence-informed care is variable.
Variability means that there are real opportunities to mitigate the impact of concus-
sion on individuals and populations.

I am a critical care physician, and my co-editor is a cognitive/imaging neurosci-
entist. The idea for this book came after noting there were very few books that
aimed to summarize the general topic of concussion, that could be accessible to
healthcare professionals, and researchers eager to learn something about this field.
This book aims to address this by bringing together the best evidence that may
inform our care of the patient experiencing the effects of concussion. This book
spans the basic mechanics and pathophysiology of concussion, through its assess-
ment, management, and complications. It aims to provide a primer of the various
domains of study and application, with the main purpose being to provide practitio-
ners insights and evidence to bring to their care of the person.

Over the last 20 years or so, there has been an exponential growth in the science
of concussion and concussion care. The science is revealing the surprising extent of
the issue and thus gives the impression of an epidemic. The emerging awareness of
the high incidence combined with the potential for enduring impact has brought the
issue of concussion into a high priority in public health. While prevention is always
better, this book is about when prevention fails or the unexpected happens.

Concussion may have suffered from anecdotal evidence, from inadequate sci-
ence, and from biases and assumptions partly related to the impression of the
absence of objective and/or imaging findings. These historical disadvantages com-
bined with the increased awareness of the magnitude of the issue is compelling
background for a commitment to the science of concussion care. The authors of this
book have understood and absorbed this challenge and dedicated their expert careers

XV
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to this science. We both learned a lot editing this book and hope that it will not only
provide a primer in the various domains of study but will also inspire a commitment
to this science.

Toronto, ON, Canada Andrew J. Baker
Toronto, ON, Canada Tom A. Schweizer
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Chapter 1
Concussion Mechanism: Biomechanical
Perspectives

Kaveh Laksari, Mehmet Kurt, and Lyndia Chun Wu

Abbreviations

AFM Atomic force microscopy

BAM Brain angle metric

BrIC Brain injury criterion

bTBI Blast traumatic brain injury
CasPr Contactin-associated protein
CDE Common data elements

CSF Cerebrospinal fluid

CT Computed tomography

DTI Diffusion tensor imaging

FE Finite elements

FITBIR Federal interagency traumatic brain injury research
HIC Head injury criterion

HITS Head impact telemetry system
IMU Inertial measurement unit
MEMS Microelectromechanical systems
MRE Magnetic resonance elastography
MRI Magnetic resonance imaging
mTBI Mild traumatic brain injury

NHTSA National Highway Traffic Safety Association
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NOCSAE National Operating Committee on Standards for Athletic Equipment

OCT Optical coherence tomography
PIV Particle image velocimetry

SI Severity index

TBI Traumatic brain injury

UBIIC Universal brain injury criterion

Concussion is an invisible injury, which does not present with wounds or fractures
that are apparent in other types of traumatic injury. This also makes it difficult to
pinpoint the mechanism of concussion, despite the knowledge that it results from a
mechanical insult to the head. Understanding the injury mechanism is key to the
further development of diagnostic, prevention, and treatment strategies. In this
chapter, we will describe current knowledge regarding the characteristics of concus-
sive head loading (section “Head Loading Biomechanics”) and the tissue and
microstructural injury biomechanics (section “Brain Tissue and Microstructural
Biomechanics™), along with current efforts and emerging technologies in concus-
sion mechanism research (section “Emerging Studies in Injury Mechanisms”). We
will discuss loading scenarios such as blunt impact and blast exposure, as well as
sensing and modeling tools that can further help understand the tissue and micro-
structural mechanics in concussion (Fig. 1.1). As shown in the figure, concussion
mechanism research has mainly focused on relating the biomechanics of head and
brain loading to the risk of concussion.

Strain
level
f\ | High
a, o \
l ’ l Low
Head impact Compu(:atlional
models \
sensors o o

. Concussion

Cellular
disruption

Blast wave

- ol

Brain tissue
deformations

Fig. 1.1 Concussion mechanism overview. Concussions may be caused by blunt head impact,
inertial head accelerations without impact, or blast overpressure. These external mechanical inputs
to the head subsequently generate tissue deformations in the brain, followed and accompanied by
cellular disruption. Currently, researchers are applying tools to further investigate human injury
mechanisms, including wearable head impact sensors to measure head kinematics and computa-
tional brain models to estimate brain deformations
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Head Loading Biomechanics

Direct Head Contact and Whiplash-Induced Head Loading

Concussions can occur from direct or indirect head loading in scenarios such as
motor vehicle collisions, falls, sports, and recreational activities [1]. In motor vehi-
cle accidents, the head may come in direct contact with surfaces in the vehicle or
experience a jolting motion due to whiplash from sudden deceleration or accelera-
tion of the vehicle. In falls, there is often direct head impact with the ground. In
contact and collision sports, players may experience helmet—helmet impacts, head—
object impacts, or whiplash-induced head motions due to body collisions. Although
the brain is protected within the skull, head loading that results in damage, deforma-
tion, or accelerations of the skull could lead to subsequent brain loading and defor-
mations. Some of these scenarios lead to severe traumatic brain injuries (TBIs)
involving skull fracture or hematoma, which typically show clear lesions or struc-
tural damage in brain imaging using computed tomography (CT) or magnetic reso-
nance imaging (MRI). Concussions, often referred to as mild traumatic brain injury
(mTBI), usually present no observable structural changes using standard clinical
imaging [2]. Past research has attempted to establish “injury risk functions” to
quantify the probability of sustaining a concussion given head/brain loading inputs.
Most studies have relied on a clinical diagnosis of concussion as the end point for
the injury risk functions, due to the lack of agreed-upon objective and quantitative
imaging, and physiological or functional biomarkers for concussion.

In an injury scenario involving direct head impact or whiplash, there is an impul-
sive force transfer to the head, which is thought to be the direct cause of concussion
[2]. In closed head injury, the skull may experience transient local deformation, as
well as sudden acceleration or deceleration [3]. Subsequently, the brain may experi-
ence focal or inertial loading. For most concussion cases where the head does not
undergo substantial focal loading, it is thought that inertial skull loading is the main
contributor to brain deformations [3]. Such skull loading is often characterized by
linear (translational) and rotational (angular) skull accelerations lasting from a few
milliseconds to tens of milliseconds [4, 5].

One main debate in concussion mechanism research is whether concussion risk
is better correlated with the linear or rotational component of skull kinematics [3].
Head injury risk functions that dominate current safety regulation standards (e.g.,
helmet testing standards) are calculated from linear accelerations of the skull [6].
On the other hand, in 1943, Holbourn hypothesized that rotational skull kinematics
could cause greater brain deformations in concussion scenarios [7]. He argued that
since the brain is more or less incompressible with very low shear modulus (modu-
lus of rigidity), it behaves like a low-rigidity gel and would deform substantially
upon rotational skull accelerations but not linear skull accelerations.

A set of primate experiments led by Ommaya and Gennarelli tested Holbourn’s
theory in the 1960s to 1970s [8, 9]. It was shown that both linear and rotational
accelerations of the skull contribute to focal lesions in the brain, while only head
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rotation could produce diffuse lesions in the brain [9]. The authors concluded that
what was defined as “cerebral concussion” at the time could only result from rota-
tional head accelerations and not linear acceleration alone, while if direct head con-
tact were also involved, the injury tended to be more severe due to additional focal
effects. From this work, Ommaya and Gennarelli proposed the “Centripetal Theory”
of cerebral concussions, stating that concussion is caused by mechanically induced
strains, which begin at the surfaces of the brain in the mild cases and extend inwards
to affect deeper brain centers in the severe cases [9]. The depth of brain deforma-
tions and severity of trauma are thought to be influenced by the magnitude (i.e.,
energy level), direction, and duration of acceleration impulses experienced by
the skull.

Investigating the direction dependence of injury, one study showed that primate
head rotation in the coronal plane (which would be anatomically equivalent to
human coronal head motion) produced more severe diffuse axonal injury (DAI)
compared to other planes of head rotation [10]. In addition, Ommaya et al. investi-
gated the effect of impulse duration, and similar to earlier research by Kornhauser
[11] on structure failure analysis, they argued that short duration impacts have rota-
tional velocity-dependent brain injury risk, while long duration impacts have peak
rotational acceleration-dependent brain injury risk, where the critical duration may
be around a 10-50 ms range [8]. In the context of real-world impacts, the short dura-
tion impacts may involve an unpadded head impacting with hard surfaces, while
longer duration impacts may involve a padded head impacting soft surfaces or
whiplash-type events.

Blast-Induced Head Loading

Another common concussion scenario more often found in military activities is
blast-induced traumatic brain injuries (bTBI), which are mainly caused by high-
pressure blast waves entering the brain through the skull and its cavities [12—14]. In
his seminal 1950 publication, Benzinger described blast as a “shot without a bullet”
[15]. In fact, acute bTBI could be a more complex injury that involves three mecha-
nisms: primary injury, involving the overpressure wave propagating through the
brain and its results on deforming the brain tissue; secondary injury, occurring due
to penetrating or non-penetrating head impact with projectiles produced from the
blast; and tertiary injury, occurring through head impact or acceleration as the body
moves due to the blast wind [16—18]. The secondary and tertiary injury mechanisms
involving head accelerations have similar mechanics as those discussed in section
“Direct Head Contact and Whiplash-Induced Head Loading.”

Much of the research in bTBI has focused on the primary mechanism, in which
propagation of blast overpressure wave leads to the relative motion of brain tissue
components. According to [19], there have been over 12,000 blast injury experi-
ments involving 14 different in vivo mammalian models ranging in size from mice
to cattle reported in the literature, with small rodents being the predominant
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experimental model. To briefly illustrate the primary injury mechanism, we can
break down the sequence of events during an explosion. As a result of an explosion,
a volume of highly compressed gas expands rapidly to occupy a volume that is
orders of magnitude larger. This wave, i.e., the leading front of the expanding gases,
travels with enormous speed (close to 1.5 times the speed of sound in laboratory
shock tube experiments and as high as 20 times the speed of sound in open-field
explosions) in the form of a sphere, a process known as the blast wave overpressure
propagation [16]. Pioneering work in the 1950-70s showed that the severity of dam-
age due to blast wave depends on the peak and duration of the overpressure, the
density of transmitting medium (air or water), and the distance from the epicenter of
the explosion [20-24]. While higher peak and longer duration of the overpressure
wave could be more devastating, the strength of the wave diminishes inversely with
distance. As the high-pressure shockwaves enter the brain, they disrupt its function
either directly—through compression, tension, and shearing the brain tissue and its
microstructure, or indirectly—through cavitation and introduction/ bursting of bub-
bles [25-27].

Measurement of Head Loading

While past theoretical and animal research has generated injury mechanism hypoth-
eses, there is a substantial lack of human data to test these hypotheses. The recent
advancements in microelectromechanical system (MEMS) inertial sensors have
driven the development of wearable head impact sensors, which are typically
deployed to gather data in scenarios such as contact and collision sports. Inertial
measurement units (IMUs) including accelerometers and gyroscopes are typically
used in wearable head impact sensors. Accelerometers measure linear accelerations,
while gyroscopes measure rotational velocity, from which rotational accelerations
can be derived by differentiation. If a large number of participants could be instru-
mented, human data from both injury and noninjury scenarios could be efficiently
gathered given the relatively high incidence of concussions in sports.

Mounting these sensors on existing athletic headgear such as the helmet is a
convenient option and was already used by early human studies [28]. In fact, the
most widely used head impact sensor to date is the head impact telemetry system
(HITS), which was developed in the early 2000s and deployed in youth and colle-
giate populations across multiple sports [5, 29, 30]. However, validation studies
have shown that helmet sensors may dislocate from the head during impact, leading
to large measurement errors [31, 32]. In recent years, other types of wearable sen-
sors have been developed, including those mounted on skin and inside mouthguards
[33-35]. Based on recent validation work, mouthguard-based sensing may provide
tighter skull coupling due to direct mounting on the maxilla (upper jaw) and enable
more accurate measurements of skull kinematics during head impact, compared to
other mounting options prone to soft tissue artifacts and headgear dislocation
[36, 37].
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IMUs are most commonly used in commercial and research head impact sensors,
enabling studies of the acceleration magnitude, direction, and duration factors in
injury risk. Other sensing modalities have also been applied to estimate the force
input to the head [38, 39] as opposed to the resultant accelerations. In addition, cur-
rent inertial head impact sensors typically have limited sensing ranges of up to
200 g and 40 rad/s, with sensor bandwidths of 300—2000 Hz and 100-200 Hz for the
accelerometer and gyroscope, respectively [40]. While such sensors are suited for
measuring blunt head impacts with durations of tens of milliseconds, shorter dura-
tion impacts (e.g., bare-head impact with stiff surface) may require higher band-
width sensors [40]. Such IMUs are also not suited for measuring blast injury
scenarios, and blast overpressure sensors remain under development mainly in mili-
tary research [41]. Considering blast overpressures that could result from explo-
sions, as described in the last section, the blast sensors have design requirements of
high-pressure sensing range up to 1000 kPa, fast response time within 1 ms, and
high bandwidth up to a few thousand Hz [42, 43], which present significant engi-
neering challenges.

Injury Criteria

One of the most important applications of concussion mechanism research is to reli-
ably predict when injury has occurred for the screening and diagnosis of individuals
with suspected traumatic brain injury. As such, a main research focus has been to
identify biomechanical metrics (e.g., head kinematics) and develop injury risk func-
tions based on these metrics. Such metrics are also called injury criteria, as their
main purpose is to provide estimates of the likelihood of brain injury in a particular
loading scenario. For example, one may develop an injury risk function based on
peak linear acceleration of the head and associate the level of acceleration with the
percentage of concussion risk based on empirical data. From such a risk function,
an injury risk threshold can then be identified (e.g., above a certain head accelera-
tion level, there is over 50% probability of sustaining a concussion). The injury risk
threshold may be applied to set safety regulation standards or screen for injuries if
head accelerations can be measured through wearable sensors and compared against
this threshold.

In the 1960s, the rapid rise in motor vehicle accidents and deaths led to safety
standards with the aim of reducing skull fractures. As a result, traffic deaths have
been on a steady decline since the introduction of passive safety measures such as
seat belts, interior padding, and airbags [44]. To address this, one of the first injury
risk curves for intracranial pressure and skull fracture was developed at the Wayne
State University based on results from cadaver head impact data and animal studies
including hammer strike/air blast data on dog heads [45, 46]. Combined with these
tests, additional experimental results from human acceleration/deceleration experi-
ments led to the development of the Gadd severity index (SI) [47], which was the



1 Concussion Mechanism: Biomechanical Perspectives 7

precursor to the currently used head impact criterion (HIC) [48]. Today, the National
Highway Traffic Safety Administration (NHTSA) and the National Operating
Committee on Standards for Athletic Equipment (NOCSAE) use HIC to evaluate
injury risk based on translational acceleration in safety regulations and helmet
design, with a HIC threshold of 1000 for 50% risk of skull fracture [6]. Although
HIC and similar metrics have been effective in predicting severe traumatic brain
injuries [49], their predictive value for milder injuries including concussion has
been less certain. Studies have attempted to fit these injury risk functions using head
impact data collected from clinically diagnosed concussion cases and found vastly
different concussion risk thresholds. In one study, only 10% concussion risk was
found for HIC = 700 [50], while another study found a HIC threshold of 250 for
50% risk of concussion [51].

As mentioned in section “Direct Head Contact and Whiplash-Induced Head
Loading,” theoretical and animal research has confirmed the importance of rota-
tional head kinematics, which are not included in HIC or SI, in predicting concus-
sion risk. Ommaya proposed rotational velocity and rotational acceleration injury
criteria with human concussion thresholds of 50 rad/s for short duration inputs
(<20 ms) and 1800 rad/s> for long duration inputs (>20 ms) scaled from primate
data [8]. From the work of Margulies and colleagues in the late 1980s combining
primate, analytical, and physical models, human injury tolerance for diffuse axonal
injury (where concussion is considered a milder form of axonal injury) was found
to range from 46.5 to 100 rad/s for short duration inputs and 7000-16,000 rad/s* for
long duration inputs [52]. More recently, NHTSA developed the brain injury crite-
rion (BrIC) to relate head rotational velocity to critical brain strains [53, 54]. BrIC
is a composite measure of the ratios of head rotational velocity in each direction and
corresponding critical values, which are 66.3, 53.8, and 41.5 rad/s for coronal, sagit-
tal, and axial rotations, respectively [53]. Different from the prior rotational criteria,
BrIC breaks down the resultant rotational velocity into directional components and
builds in directional differences in injury tolerance.

While the early injury criteria are promising measures of head loading severity,
they are mostly derived from correlations between head kinematics measures and
surrogate measures that loosely approximate human injury outcomes, most notably
cadaver skull fracture. Thus, such criteria, prone to underlying assumptions relating
surrogates to the live human, are fundamentally an oversimplification of the com-
plex mechanics of the human brain responding to inertial loads. Recognizing this
limitation, recently developed metrics expand on the basic idea behind BrIC and
focus more on brain mechanics, such as the brain angle metric (BAM) [55] and
universal BrIC (UBrIC) [56], which approximate the brain’s relative displacements
with respect to the skull or more complex brain deformation metrics. These recent
injury criteria, while still directly computed from skull kinematics, take into account
the dynamical characteristics of the brain—skull system and are developed based on
correlations with the most promising brain tissue response metrics. In the next sec-
tion, we discuss tissue and microstructural mechanics during concussion as a more
direct estimate of brain injury risk.
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Brain Tissue and Microstructural Biomechanics

Rationale and Approach for Tissue-Based Biomechanics Metrics

As an alternative approach to skull kinematics-based injury criteria, researchers
have developed brain biomechanics metrics, which are arguably more direct mea-
sures of the mechanical input transferred to the brain. Unlike head kinematics, it
may not be possible to directly observe brain response in live human subjects during
injury scenarios. As such, these metrics are estimated based on analytical and com-
putational mechanical models of the skull-brain system, which enable estimation of
brain response from skull inputs. Most of these approaches either use discrete
mechanical elements, i.e., mass, spring, and dampers, to give a rigid body estimate
of brain’s relative motion with respect to the skull [55, 57-59], or more complex
finite element (FE) models that include detailed representations of neuroanatomy
and microstructure, and can simulate the local brain deformation and interaction
with the stiff bony or membranous structures [60-62]. From these models, tissue
metrics including displacements, strains, and pressures can be extracted and applied
in similar manners as skull kinematics-based criteria (e.g., HIC) to estimate injury
risk probability.

Analytical and Computational Models of Brain
Lumped Parameter Models

Lumped parameter models, which use a combination of zero-dimensional or discrete
elements such as rigid body mass, spring, and damper systems, are widely applied in
different engineering fields. This approach offers computationally efficient solutions
for the dynamical behavior of otherwise highly complex systems. One of the first
studies that applied this method to brain injury was performed by Kornhauser [11],
who considered the brain—skull system as a linear second-order spring—mass system
with base excitation from the skull and proposed that the relative brain displacement
from the skull may be used as a measure for injury risk. Using a similar approach
with different lump model representations, other simplified models of the brain have
been developed to simulate the brain’s response to external head loading [55, 57—
59]. These models generally assume that the brain is a rigid mass attached to the
skull via springs and dampers, and the amount of brain motion relative to the skull
depends on the stiffness and damping parameters of the system. Both rotational and
translational brain models have been developed, with varying levels of model com-
plexity achieved by incorporating different combinations of inertias (discrete
masses), and linear and torsional springs, and dampers [63, 64].

Such lumped parameter models require experimental measurements of brain—
skull dynamics for parameter fitting and validation. One of the first attempts to
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combine in vivo experimental measurements with analytical modeling to study
frequency-dependent behavior of the human brain was carried out in a recent study
[58]. The authors developed a dynamic model of the skull-brain based on tagged
MRI data with live human brain displacements from mild frontal head impacts [65].
It was found that for mild impacts, an underdamped second-order system could be
fit to represent the brain—skull dynamics [58].

The simplicity and low computational cost of lumped models allow for the real-
time analysis of measured kinematics from wearable sensors to estimate brain dis-
placements and injury risks. Furthermore, these models easily lend themselves to
parametric analyses to explore the relationship between input head kinematics and
output brain response. However, such models cannot provide localized estimates of
brain trauma, and run the risk of oversimplifying the nonlinear biomechanical
effects of impacts on the brain. While researchers have found that rigid displace-
ments of the brain in lumped parameter models could be correlated with injury, a
more detailed analysis of injury mechanisms requires a model incorporating greater
complexity.

Finite Element Models

Finite element (FE) models have been developed to incorporate a higher degree of
complexity in model geometry, material behavior, and boundary conditions. Parallel
to the advances in measurement techniques using wearable sensors as described
above, modern FE head models have enabled researchers to use the measured
human head kinematics as model inputs and investigate how they generate brain
tissue deformation [60-62].

FE models of the brain allow for modeling the complex geometry of the skull
and brain, including anatomical structures such as the scalp, meninges, bridging
veins, and ventricles, and also differentiate between white and gray matter, which
have distinct biomechanical properties. Furthermore, the material properties in FE
brain models cover a range of linear elastic and nonlinear hyperelastic material
models and rate-dependent viscoelastic characteristics [61, 66—68]. These material
properties are based on mechanical testing of ex vivo tissue from cadaveric and
animal specimens [66, 69, 70], or modern elastography techniques to extract in vivo
tissue response from mild vibrations to the head [71-73]. Current FE models are
generally based on representative adult brain/skull geometries [74], with a more
recent move toward subject-specific models based on MRI scans [75-78].

While finite element models are useful for obtaining detailed models of the
regional effects of concussion on the brain, finite element simulations are computa-
tionally expensive, with current models requiring hours of simulation time for a
single impact. Recent research has sought to reduce computational costs through
the development of precomputed atlases where a comprehensive test matrix of sim-
ulations is precomputed and interpolated to estimate the outputs of new impacts
[79] and through deep learning architectures where peak strains are predicted using
neural networks given input kinematics [80]. These models are also benefitting from
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more recent approaches to augment head kinematic data [81] to provide large train-
ing datasets required for neural network algorithms. Despite the computational cost,
finite element models are still the best tools available at present to provide the most
detailed picture of the mechanics of the brain during concussion.

Strain, Strain Rate, and Pressure

When applying analytical and computational models of the brain, it is of paramount
importance to define output metrics that are correlated with brain injury. In the
lumped parameter models, this has typically been the brain angle or displacement
itself, but for finite element models, there is a greater diversity of biomechanical
metrics that we correlate with brain injury. Historically, tissue strain has been stud-
ied as one of the main metrics to correlate with injury. In early in vitro experiments,
it was found that excessive tissue stretch could lead to drastic physiological changes.
Experiments on squid giant axons resulted in a graded depolarization response to
impulsive stretching with incrementally increased strain and strain rate, where the
neurons could not recover to normal membrane potential beyond a strain level of
20% [82]. This and other studies [83] clearly illustrated that physiological dysfunc-
tion could result from tissue strains and laid the foundation for using peak tissue
strain as a measure of brain injury risk.

Aside from peak strain, other composite strain metrics have been proposed, such
as the cumulative strain damage measure (CSDM), which describes the total vol-
ume fraction of brain tissue that undergoes strain values larger than a prescribed
threshold (commonly 0.15 and 0.25 [62]) to provides an estimate for the overall
brain deformation levels. Although complete consensus has not been reached on an
exact strain value cutoff for concussion, various studies have reached comparable
approximations for injury-prone conditions. Maximum principal strain values of
20-30% in the corpus callosum have been proposed as injury thresholds corre-
sponding to 50 percent risk of injury [84]. In addition, motivated by structural and
failure mechanics, a range of other FE-based tissue injury prediction metrics have
been studied, including von Mises stress and the product of strain and strain
rate [85].

Pressure is another promising parameter that is extensively cited as an injury
metric in blast injury but has also been implicated in blunt impact/whiplash concus-
sion. Injury-prone pressure and duration levels reported in the literature for humans
under blast loading range from 30 to 200 kPa and 20 to 200 ms [13, 18, 25]. For
blunt impacts, a recent study in collegiate American football found that intracranial
pressure was the best predictor of concussions [86]. Other studies have similarly
found correlations between the pressure level generated inside the brain and the
resulting injury conditions in simulated blunt impacts [84, 87]. While pressure has
been implicated in both blast and blunt impacts, it is worth mentioning that the pres-
sure values derived from blunt impact simulations, unlike blast simulations, are in
fact a function of the multiaxial stress response induced in the brain tissue rather
than external pressure wave entering the skull.
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Microstructural Metrics

The reliability of model-based brain injury studies critically depends on the fidelity
of the head injury model and impact simulation, particularly in regions of interest.
Based on early experimental studies such as the in vitro squid giant axon study [82],
axonal strain was observed to directly cause physiological dysfunction. Since the
brain’s axons are mostly organized in an anisotropic manner through fiber tracts
within white matter, it is thought that the inclusion of white matter tracts and their
anisotropic material properties are necessary to accurately predict injury using finite
element models. Indeed, the significance of including white matter tracts on brain
deformation under head impacts has been confirmed recently [88-93].

Although scarce information exists on the effect of these fiber tracts on mechani-
cal behavior of the tissue, indirect measurements of human brain fiber orientation
and dispersion are becoming readily available through high angular resolution dif-
fusion tensor imaging (DTI). To estimate loadings on these fibers, models may sim-
ply project the isotropic deformation metrics such as peak principal strain onto the
fiber directions [90, 94], or in the case of more advanced models, the fiber anisot-
ropy may be incorporated into models of brain tissue’s biomechanical response [91]
or account for full tractographic structure incorporated into biomechanical models
[95]. Recently, various functions involving strain (S), strain rate (SR), and the mul-
tiplication of the two (S x SR) along the axon fibers have been proposed as predic-
tors of injury [87]. In addition, empirical cumulative distribution functions involving
S, SR, and S x SR have been proposed, such as Pop90 in which 90% of the brain
exceeds a predefined value according to computations. Using statistical analysis,
the best predictors of traumatic axonal injury were found in one animal study to be
the tract-oriented strain (S > 6-7%), strain rate (SR > 38-40s7"), and strain times
strain rate (S x SR > 1.3-1.8 s7!), when the thresholds were exceeded by 90% of the
brain volume [87].

Region-Dependent Mechanical Vulnerability

As the human brain is a soft and complex biomaterial with membranes and fluid—
structure interactions, complicated mechanical phenomena such as deformation
localization, friction, and shear wave reflection occur during rapid head motion.
This will inevitably make certain brain substructures and regions more vulnerable
to deformation and damage than others. Both computational and experimental stud-
ies of TBI biomechanics have been utilized to address the question of regional
mechanical vulnerability. The corpus callosum and brainstem have been the main
regions of interest in this endeavor, since they frequently show pathological changes
and lesions either through postmortem studies [96, 97] or through longitudinal
imaging studies [98, 99]. Deep brain structures including the corpus callosum and
the thalamus have indeed been shown to be mechanically vulnerable, with finite
element simulation studies reporting high stress/strain concentrations in [84, 100,
101]. Some studies have also chosen to separately model these vulnerable
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substructures. For example, a nonlinear reduced order model of corpus callosum
was developed under coronal excitation and was used to demonstrate that the corpus
callosum exhibited strongly nonlinear behavior during high-amplitude impact [102].

The tentorium and falx are also hypothesized to be contributing factors in the
localization of tissue deformations in deep brain regions. Mechanical neuroimaging
studies have postulated that shear wave scattering occurs along these dural folds
[103, 104], which might contribute to higher pressure and deformation seen in deep
brain structures [104—107]. Other locations where these folds are believed to exac-
erbate mechanical deformations are the cerebellum—cerebrum interface and the
brainstem [106, 108].

Blast waves can also cause regional mechanical damage in the brain, with a par-
ticular research emphasis on the effects of cavitation mechanisms [109]. Finite ele-
ment simulations provide evidence that cavitation collapse causes localized
high-pressure fields and therefore damage to regions adjacent to cerebrospinal fluid
(CSF), including the periventricular regions [110]. In forward blast wave simula-
tions, CSF cavitation has been associated with increased strain levels in the cerebral
cortex, brainstem, and periventricular regions [110, 111], whereas simulation of
backward blast was associated with largest strains in the occipital lobe [111].

Dynamical Considerations

As mentioned in section “Direct Head Contact and Whiplash-Induced Head
Loading,” impact duration is considered an important factor in estimating injury
risk, which points toward a potential frequency dependence of brain injury risk.
Despite the strongly damped nature of the brain—skull system dynamics [58], an
impact to the brain can induce oscillatory shear wave behavior in the brain tissue
due to the extremely soft nature of the human brain. If the brain—skull system is
considered underdamped, these oscillations could be amplified at certain frequen-
cies depending on how the brain’s material properties are parametrized, creating the
effect commonly referred to as resonance. Therefore, it is essential to understand
the frequency response of the brain during head impacts and methods that have been
used to characterize this phenomenon.

In initial attempts to estimate the frequency—response characteristics, researchers
have used simplified models of the brain—skull system, including linear and nonlin-
ear lumped parameter and continuum surrogate models, i.e., continuous reduced
order models of the brain—skull system with simplified geometries and material
models. Simple lumped models of the brain—skull system demonstrated that in dif-
ferent loading regimes, injury could be more sensitive to peak acceleration or maxi-
mum change in velocity or a combination of both [11]. In the time and frequency
domain, the authors found that the brain exhibits resonance-like behavior near
20 Hz, and a troubling finding since American football impacts was found to have
dominant input frequency near this frequency [58]. In a continuum brain surrogate
model, the induced maximum strain was shown to peak around 25 Hz with respect
to the frequency of the applied motion [112].
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While lumped parameter or simplified models mentioned previously can be used
to assess the frequency response of the whole brain, more complex frequency-based
methods, such as advanced modal analysis, can begin to both identify and localize
higher-order frequency dependencies in the finite element models of the human
brain. Modal analysis has been utilized to extract the most dominant modal behav-
ior (i.e., inherent dynamic characteristics of the brain in terms of vibration frequen-
cies, mode shapes, and damping factors) of the brain’s deformation by simulating a
finite element model of the human brain with football head impacts [101].
Examination of temporal modes in the brain demonstrated that the brain’s deforma-
tion is most sensitive in low-frequency regimes close to 30 Hz, and that for most
subconcussive head impacts, the dynamics of brain deformation is dominated by a
single global mode. This led to the postulation that the existence of localized modes
and multimodal behavior in the brain as a hyperviscoelastic medium led to strain
concentration patterns, particularly in deep brain regions, which is consistent with
reported concussion pathology.

Since the frequency response of the brain is largely dependent on skull kinemat-
ics, there have also been efforts to study the frequency-dependent behavior of the
human brain through idealized kinematics approaches. The effect of peak angular
velocity amplitude and duration on the brain strain distribution was among the fac-
tors considered in one study, and it was shown that the profile of the angular veloc-
ity, which is directly correlated with the instantaneous frequency profile, can result
in more than 20% change in the brain strain distribution [113]. In another study,
idealized coronal rotations in a reduced order model of the corpus callosum have
shown the existence of higher harmonics (around 45 Hz) near deep brain
regions [102].

Blast scenarios induce a broadband mechanical response in the brain and there-
fore necessitate the consideration of brain tissue behavior over a large strain ampli-
tude and a broad frequency range [114]. The incorporation of high-frequency
material loading ranges of the brain (up to 10 MHz) has been proposed to increase
the accuracy of numerical simulations of blast TBI [115]. The frequency spectrum
of the blast wave has also been considered to be an important factor as it not only
affects the frequency response of the brain, but also of the skull deformation. It has
been speculated that transmission of low-frequency blast waves into the brain is
more effective than high-frequency waves [116], although interactions between low
and high-frequency modes could lead to complex deformation fields [117] and high-
frequency skull flexures could lead to elevated levels of axonal deformation [118].

Emerging Studies in Injury Mechanisms

Sensor-Based Understanding

In recent years, there has been a substantial drive to collect more human data con-
taining both impact biomechanics and concussion outcome information, such that
concussion mechanism hypotheses can be tested, and human concussion thresholds
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can be confirmed. From past animal work, some injury criteria and thresholds have
been extrapolated for humans, e.g., 50 rad/s rotational velocity and 1800 rad/s? rota-
tional acceleration thresholds scaled from primate experiments to predict “cerebral
concussion” involving loss of consciousness (LOC) in humans [8]. In the past two
decades, a number of studies have used the HITS to measure impact biomechanics
associated with concussions in helmeted sports including American football and ice
hockey [5, 29, 30]. These studies have typically reported the head impact kinematics
associated with concussions to range from tens of g to nearly 200 g in linear accel-
eration, and thousands to over 15,000 rad/s? in rotational acceleration [119-121].

While most of the concussions involve high accelerations as expected, these
impact kinematic values, when compared with noninjury data, match poorly with
previously identified thresholds of clinical concussion, and there is substantial over-
lap between noninjury events and concussion events in kinematic distributions
[122]. From the limited human data available, many head impacts surpassing the
proposed kinematic thresholds did not lead to clinical diagnoses of concussions
[123], while some concussions were estimated to involve much lower skull kine-
matics (e.g., a 25th percentile concussive impact had 17.9 rad/s rotational velocity
[122]). Some researchers have commented on the elusiveness of potential injury
thresholds based on current data [124]. Other studies have suggested that directional
kinematic parameters [123] and analytical model or FE-based brain deformation
criteria are better predictors of injury outcomes [55, 123]. In more recent studies, it
has been suggested that multiple impact accumulation, in addition to single severe
impacts, may be an important mechanism of concussion [125-127]. Furthermore,
the inconsistent findings in concussion risk thresholds may be due to the inconsis-
tent definition of brain injury outcome in risk function research, which ranges from
cadaver skull fracture to animal DAI/cerebral concussion (involving LOC) in earlier
decades and have evolved to broader modern clinical concussion definitions in
recent studies.

Given the need to standardize data collection, in 2018, the US National Institutes
of Health (NIH) organized a working group to develop common data elements
(CDE) for Biomechanical Devices in Head Impact and Blast Exposure Dynamics,
with the aim of standardizing and aggregating biomechanical data collection for
TBI research. The NIH has also established the “Federal Interagency Traumatic
Brain Injury Research” (FITBIR) database for researchers to share TBI data. The
current push to gather a large amount of human data should help generate a dataset
that contains real-world head kinematics information associated with injury, which
can then be used for further investigation of the biomechanical mechanism of injury.

Imaging-Based Understanding

As mentioned in section “Brain Tissue and Microstructural Biomechanics,” compu-
tational models can estimate regional tissue-level brain mechanics to help under-
stand and predict human concussion. One of the particular challenges with
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understanding TBI biomechanics is the lack of in vivo and/or in situ observations of
human brain deformation and trauma during impacts to the head. Although various
factors contribute to this poor state of knowledge, the inability to physically image
brain motion in real-time during an impact has been a major limitation so far. Recent
advances in neuroimaging have now started to provide promising solutions to this
problem.

Magnetic resonance elastography (MRE) is one such advance that has begun to
reveal the dynamic behavior of the brain in vivo. MRE is a noninvasive tool that
allows researchers to probe the brain tissue, measure its dynamical response to
oscillations of various frequencies in vivo, and process the shear wave datasets to
obtain maps quantifying regional mechanical properties of the brain (i.e., elasto-
grams) [128]. MRE has been used to understand how shear waves can propagate
within the brain during an impact, by inducing “micro-impacts” to the brain [129]
and studying shear wave reflections along dural folds [103] and between the cere-
bellum and cerebrum [130]. MRE has also been used to determine the regional
material properties of brain tissue in healthy volunteers [72, 73, 131-133], and ani-
mal models [134, 135], which can be utilized to create more biofidelic materials in
finite element models.

Other quantitative MR imaging methods such as tagged MRI have also been
proposed and utilized to study the in vivo motion of the human brain under mild
sagittal head bumps [65] and axial rotation [136]. Due to the impossibility of track-
ing brain motion under “high-amplitude” impacts, however, more recent studies
have surgically embedded sonomicrometry crystals inside the brain tissue of a fresh
cadaver to study three-dimensional dynamic deformation of the brain during pure
rotational motion [137]. Here, it was determined the brain motion was around 20 Hz
and lasted between 100 and 200 ms after the initial rotation, suggesting the presence
of sustained deformations during this time period. Regional variances in the brain
motion were also observed both in tagged MRI and in sonomicrometry experiments,
which provides in vivo and postmortem evidence that mechanical deformation in
the brain might be localized, such as in deep tissue structures including the corpus
callosum. These datasets can also be further utilized to validate current finite ele-
ment models under similar rotational loads.

For bTBI, imaging efforts for identification of the immediate brain biomechanics
remain limited due to practical limitations (e.g., temporal resolution). Head surro-
gates and cadaveric samples have been primarily utilized to both images of the skull
deformation and the surrogate brain model during blast exposure. Combinations of
high-speed X-ray imaging with high-speed video tracking [117, 138] and time-
resolved particle image velocimetry (PIV) [139] have been proposed to image the
surrogate skull and brain motions, respectively. Recently, shear shock wavefronts in
an ex vivo porcine brain were also observed, for the first time, through ultrasound
imaging [140].

Micromechanical imaging has also recently emerged to study brain substructure
mechanics, which will provide additional rich datasets for fundamental understand-
ing and model validation [141]. For instance, the mechanical response of the brain—
skull interface during indentation, with a particular focus on the pia—arachnoid
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complex, has been studied in animal models through optical coherence tomography
(OCT) [142, 143] and atomic force microscopy (AFM) [144, 145]. Emergence of
novel micromechanical and multiscale imaging techniques will likely advance our
understanding of how the brain responds during an impact in the near future.

Multiscale Mechanical-Based Understanding

While the focus of brain injury mechanisms thus far has been at the tissue level, it
is thought that trauma at the tissue level corresponds to axonal damage at the cel-
lular level, which disrupts the ability of neurons to transmit information. Thus,
novel experimental and computational approaches have been implemented to study
the multiscale propagation of damage from the tissue level to the cellular and sub-
cellular levels [146, 147]. Studies examining the transfer of tissue strain to cellular
level have utilized contactin-associated protein (CasPr) expressed at the nodes of
Ranvier in a chick embryo spinal cord model and identified the locations and num-
bers of broken axons [148, 149]. Uncoupled axons were found to have higher strain
thresholds for breaking than coupled axons. In another experimental attempt to cap-
ture tissue-to-cell mechanical damage transmission, a novel 3D in vitro neuronal
compression model interfaced with confocal fluorescence imaging was proposed to
investigate the importance of tissue-level strain and strain rate on cellular viability,
lifetime, and pathomorphology for neurons [150]. The 3D neuronal compression
model demonstrated that cellular injury was driven by the strain on the entire cell
rather than cytoskeleton only.

From a subcellular perspective, efforts have been made to model the mechanics
of microtubules and binding tau proteins during axonal stretching [151, 152]. Rate-
dependent breaking of microtubules has been associated with the viscoelastic prop-
erties of tau proteins [153]. Computational efforts are currently emerging to utilize
the prior experimental efforts for multiscale characterizations of the brain and
brain—skull interface to examine the whole scale response (i.e., all the way from
skull down to the subcellular scale response) [154—156].

Multiscale modeling of bTBI has also been a recent focus in the community to
study the effects and mechanism of primary micro-damage. Mechanical models of
primary injury to axonal-oligodendrocyte structures, as well as damage to axonal
networks and microtubules, were introduced and presented as a potential model for
post-acute response of the brain microstructure [157-159]. In bTBI, due to the
importance of transmission of loads from skull all the way to the axonal level, skull
mechanics were also considered in multiscale mechanics, a direct contrast to blunt
TBI. Skull flexures, for instance, were recently postulated to be a potential culprit
for increased axonal deformation [160] and high strain rates obtained in finite ele-
ment simulations were attributed to flexural displacements of the skull [118].

In summary, while concussion mechanism is still an active area of research,
much understanding has been developed over the past decades to characterize
injury-causing head loading and brain mechanics. With increasing efforts to gather
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human injury data and advances in novel imaging and modeling techniques, emerg-
ing studies will help gain a deeper understanding of the biomechanics and mecha-
nobiology of concussion.
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Chapter 2
The Pathophysiology of Concussion

Eugene Park and Andrew J. Baker

The clinical diagnosis of concussion largely relies on external indicators of neuro-
logical injury for diagnosis. The ever-evolving definition of concussion has been
described as “a clinical syndrome of biomechanically induced alteration of brain
function typically affecting memory and orientation, which may involve loss of
consciousness” [1, 2]. Despite the vague clinical description, advances in imaging
technologies, the development of clinical biomarkers, and preclinical animal studies
have been used to identify subtle but significant microstructural abnormalities and
identified molecular cascades occurring in the absence of macroscopic injury to the
brain, which collectively contribute to changes in cognitive status. These patho-
physiological events highlight the contribution of concussions as an important con-
tributor to the spectrum of traumatic brain injury (TBI) despite being classified as a
mild traumatic event. As technologies evolve, the ability to reliably and accurately
detect subtle cellular changes in cerebral structure and function gives hope for the
more accurate diagnosis of injuries, with potential prognostic and therapeutic appli-
cations. Understanding the link between biophysical transduction of force from tis-
sue to cellular and even ultrastructural scales for an injury type that is notoriously
heterogeneous is challenging from a preclinical modeling perspective. In turn, this
challenge is amplified when it comes to developing therapeutic strategies [3].

This chapter focuses on our current understanding of the pathophysiology associ-
ated with these processes and their contribution to the evolving pathophysiology of
concussion. Although many of the mechanisms described below are also applicable
to moderate and severe TBIs, it can be assumed that these cellular processes are also
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shared with mild TBI albeit at a lesser degree. There are, however, notable differ-
ences between injury severities which further suggest that not all mechanisms of
secondary injury are applicable or relevant across the injury spectrum of
TBI. Preclinical models have helped to bridge the gaps in knowledge from the limi-
tations of noninvasive methods in the clinic and provide a better understanding of the
discrete molecular and cellular events unfolding within the brain. Although develop-
ing clinically relevant, accurate, and reliable models of clinical concussion remains
a challenge, animal models, computer simulations, and in vitro systems remain an
important component of understanding the pathophysiology of concussion [4, 5].

Normal and Abnormal Physiological States

It is interesting to consider that even under normal conditions there exists consid-
erable pliability and tolerance within an otherwise static central nervous system
(CNS). For example, the very act of bending the spine or rapid rotation of the
head involves some substantial biomechanical force transduction to axons within
the CNS. Body movement lends itself to some degree of nerve fiber stretching and
bending or inertial motion of otherwise static tissues but ultimately returning to a
normal state [6]. In vitro studies have demonstrated that axons have a high toler-
ance to stretch and exhibit a delayed elasticity phenomenon, whereby axons sub-
jecttoup to 65% tensile strain generally recover their original shape afterward [7].
Similarly, the brain is largely protected from inertial acceleration by the fluidity of
the brain encased in a rigid skull surrounded by cerebral spinal fluid (CSF). Dramatic
and instantaneous acceleration or deceleration (<50 ms) beyond the cushioning capac-
ity of the CSF generates substantial linear and rotational shear forces that result in
axonal injury [8]. In particular, the anisotropic properties of white matter tissue in the
brain lend itself to higher levels of strain and shear depending on the direction and
magnitude of the force being applied [9-11]. Microcompartment in vitro studies fur-
ther support the argument that axons or neurites are more susceptible to injury than the
cell soma [12]. In the same vein, computational models of axons that incorporate cyto-
skeletal dynamics between actin and spectrin, as well as the anchoring protein, ankyrin,
point to greater intrinsic stiffness in axons relative to the cell bodies which further
imply increased susceptibility to injury relative to other brain structures [13]. While
imaging studies of mTBI patients support the vulnerability of white matter in concus-
sion, the underlying pathophysiology remains a complex issue to resolve (Fig. 2.1).

Imaging White Matter Injury in Concussion

Diffuse axonal injury (DAI) is a common component across all TBI severities [9,
14-16]. However, the dispersed and subtle structural alterations associated with
concussion are inherently difficult to verify clinically, despite being the most likely
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Fig. 2.1 (a) A schematic representation of the coronal section of a human brain. At the macro-
scopic level, rotational forces resulting from head trauma can translate into inertial movement of
the brain resulting in deformation of tissues and brain structures. These forces include shear strain
on white matter tracts that are particularly vulnerable to excessive inertial loading. (b) At a micro-
scopic scale, the biomechanical transduction of forces on white matter tracts can result in rapid
stretching of axons regardless of the orientation of fibers. Studies suggest that shear strain rarely
results in primary axotomy. The majority of axons return to their normal state. However, a subset
of axons develops morphological characteristics associated with diffuse axonal injury. These
include abnormal morphology, such as axonal swelling and varicosities associated with activation
of molecular pathways and disruption of cytoskeletal networks

contributor to morbidity after injury. Computed tomography (CT) and magnetic
resonance imaging (MRI) are largely limited to the detection of macroscopic abnor-
malities and lack the sensitivity to detect the subtle white matter changes that may
occur with concussions [17, 18]. Biomarker studies, improved imaging technolo-
gies, and animal models of TBI have demonstrated that the absence of overt changes
in brain following mTBI and concussion does not exclude the occurrence of patho-
physiological changes which contribute to morbidity.

Diffuse tensor imaging (DTI) is an advanced MRI sequence that provides a more
sensitive technique for identifying injuries to white matter tracts [18]. The underly-
ing principle is that DTI estimates rates of water diffusion in different spatial
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directions, with white matter tracts exhibiting highly directional, anisotropic diffu-
sion parallel to fiber bundles [18, 19]. Its application in TBI involves the detection
of changes in diffusion properties within axonal fiber bundles, which presumably
indicate some form of physical anomaly in the white matter tracts [20]. While there
is no doubt that DTI provides some information on structural disturbances to the
brain after TBI, to date, the most effective application of this relatively new imaging
modality has been in moderate and severe TBIs. Its potential application in concus-
sion is still in proof-of-concept stage [21, 22]. Although noninvasive imaging of
mTBI pathology has not been fully translated into clinical utility [23], there is well-
documented postmortem evidence of axonal pathology associated with TBI that
continues to be bolstered by complementary preclinical animal studies [5, 14].
Bridging the uncertainty of pathophysiological mechanisms in human cases of con-
cussion with what is known from more severe forms of TBI and animal models will
help further validate the use of imaging modalities in characterizing concussion
pathophysiology.

Axonal Injury at the Microscopic Level

The collective contribution of subcellular structural alterations, metabolic changes,
and ionic shifts in the brain results in impairment of neurotransmission that contrib-
utes to the morbidity associated with concussion [24]. Computational modeling
conducted at the tissue, cellular [25, 26], and ultrastructural levels [27] has demon-
strated the physical transfer of strain, shear, and stresses from macroscopic to
microscopic scales in greater detail [8]. These studies are useful in conjunction with
histological studies which highlight the complex physical relationship between
individual axons within white matter bundles [28] and other constituents of the
brain including glia, myelin sheathing, and vascular cells [6]. Differing viscoelastic
properties among varying cell types and structures create a complex environment
when transduction of biomechanical forces is taken into consideration.

The axonal membrane demonstrates a spectrum of injury responses dependent
on the force of injury. For example, in fluid percussion injured cats, mTBI was
shown not to result in disrupted axonal membranes but was still associated with
neurofilament disruption and compaction. However, with increasing injury severity,
axonal membrane permeability becomes a pathological feature of injury [29-31].
Similarly, in vitro studies have demonstrated that mammalian axonal membranes
display a remarkable tolerance to stretch injury, with uptake of low molecular
weight fluorescent dyes only in instances of higher strain rates resulting in primary
axotomy [7]. A direct translation of critical injury thresholds between in vitro and
in vivo injury models is difficult to implement, due to the simplicity of in vitro sys-
tems compared to the heterogeneity of cells and tissue composition of in vivo sys-
tems. However, both injury models agree that primary axotomy resulting from
initial strain or impact is in fact a rare occurrence. Experimental evidence suggests
that axonal injury or disconnection is an evolving and progressive condition [10,
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28]. Human postmortem studies have confirmed that the development of neurofila-
ment misalignment and the formation of retraction bulbs is a delayed process even
in severe cases of TBI which suggests that primary axotomy is a rare occurrence at
the time of impact [32]. Detailed in vitro investigation has demonstrated that stretch
injury conditions that mimic in vivo injury forces result in a heterogeneous response
among cytoskeletal elements. For example, early periodic breaks in the microtubule
structure were reported [33], while fast transported beta-amyloid precursor protein
(B-APP) and slow transported heavy neurofilament (NF200) demonstrated different
morphological deposition patterns along injured axons [34]. The described process
of events involves the disruption of microtubule networks which are generally
regarded as rigid structure within axons and pathways for axonal transport [10, 14].
The misalignment and disruption of the microtubule network set into motion a
molecular sequence of failure in axonal transport, resulting in the accumulation of
proteins within axons and the formation of axonal varicosities. Collectively, these
studies suggest that concussions are likely not a cause of primary axotomy, but
rather a sequence of molecular events that unfolds after trauma leads to axonal dys-
function or disconnection. Understanding these processes and their course of evolu-
tion is paramount to the development of therapeutic strategies.

Despite a relative resilience of the axonal membrane to shear forces, at the sub-
cellular level the complex organization of the cytoskeleton involves dynamic reor-
ganization in response to structural disruption [6]. The response to cytoskeletal
disruption can manifest in the form of axonal swellings. Similar to a motor accident
on a highway creating congestion as incoming traffic continues to backlog, trans-
ported proteins accumulate within disrupted networks of microtubules and neuro-
filaments that no longer support continuous paths to traverse. This characteristic
histopathology finding is a hallmark for diffuse axonal injury resulting in axonal
swellings and eventually disconnection bulbs [35]. B-APP has been used as a gen-
eral histopathology marker of axonal injury in this regard [36]. Mild TBI has been
shown to result in deposition of f-APP in human postmortem studies [37]. These
findings have also been replicated in a swine model of rotational acceleration injury
[38]. Furthermore, these animal studies provide evidence that axonal injury can
occur in the absence of loss of consciousness [38], leading to a greater appreciation
of the sensitivity of the brain to mild traumatic forces.

Mechanisms of Ionic Dysregulation and Calcium Pathways

Based on the disruption of cytoskeletal networks and the relative impermeability of
cell membranes to primary axotomy, the question arises as to how cytoskeletal dis-
ruption is initiated. Although primary physical disruption likely plays some role, it
is the delayed evolution of axonal pathology that suggests active cellular mecha-
nisms are involved in the development of axonal pathology. One major event in
concussion at the cellular level is shifted in ionic equilibrium within neurons and
glia which lead to dysregulation of calcium signaling pathways with detrimental
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consequences. Large early increases in extracellular glutamate and potassium post-
trauma have been demonstrated in rat models of mTBI [39, 40]. The altered neu-
rotransmitter levels and ion flux coincide with spreading waves of depolarization
observed experimentally [41] as well as clinically [42, 43]. The increased concen-
tration of extracellular glutamate is presumably responsible for large influxes of
extracellular calcium mediated by ionotropic N-methyl D-aspartate (NMDA) recep-
tors [44], which further contribute to cellular depolarization through voltage-gated
sodium channels. Interestingly, sublethal stretch injury in vitro in primary neuronal
cultures has been shown to increase susceptibility to subsequent NMDA challenge
[45]. Although performed in vitro, these findings suggest a state of increased vul-
nerability of the brain to repeat concussion.

Alterations in ion concentrations within intact axons have also been shown
in vitro to be due to the activation of mechano-sensitive voltage-gated sodium
channels [46]. The proposed sequence of events involves influx of sodium result-
ing in subsequent activation of voltage-gated calcium channels as well as reversal
of sodium—calcium (Na+-Ca2+) exchangers [47]. The net effect is an increase in
intra-axonal calcium, which results in the activation of calcium-sensitive prote-
ases, such as calpain, or further release of intracellular calcium stores from the
mitochondria or endoplasmic reticulum leading to a feedforward process of cal-
cium overload [48]. While these mechanisms hold true for more severe forms of
axonal injury, other data indicate that intracellular calcium stores are likely
involved in the initial calcium spike observed after mild trauma [49]. Moreover,
there are biphasic responses to calcium dynamics in the cell, suggesting that the
initial phase is a result of intracellular calcium, while subsequent calcium waves
are propagated through primarily extracellular sources [49, 50]. These data high-
light the complexity and ever-changing physiology of cell receptors and signaling
in response to injury and further highlight the difficulties in treating these
conditions.

Calcium plays a critical role in numerous cell functions and acts as a linchpin in
the activation of pathophysiological processes linked to axonal and neuronal degen-
eration [51]. The numerous processes initiated by calcium include excessive prote-
ase activation, phosphatase activation, initiation of apoptosis, mitochondrial failure,
and the reversal of sodium—calcium exchangers leading to membrane depolariza-
tion [48, 52]. Importantly, the route of calcium entry, also referred to as the “source
specificity hypothesis,” [44] determines subsequent activation of discrete down-
stream signaling pathways adding another layer of complexity to the calcium sig-
naling process [48, 53].

One important consequence of calcium influx is the activation of calpains, a fam-
ily of cysteine proteases with numerous cell functions including cytoskeletal remod-
eling, cell signaling, differentiation, and vesicular trafficking under physiological
conditions [53, 54]. The two calpains relevant to diseases in the CNS are activated
at micro- and millimolar concentrations of calcium [55], denoted as either p-calpain,
m-calpain, or calpain-1 and calpain-2, respectively [56]. While studies suggest that
TBI results in influxes of calcium in the millimolar range [51], it has been difficult
to parse out the individual contributions of each isoform due to overlapping
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cleavage targets and a lack of isoform-specific inhibitors [56]. However, several
studies point toward p-calpain as the mediator of neurodegeneration after insult
[57]. Regardless, calpain activation is associated with the cleavage of alpha II spec-
trin, an important structural component of the axonal cytoskeleton [58]. The break-
down of intact 280 kDa alpha II spectrin to a lower molecular weight product of
145/150 kDa is a hallmark indicator of calpain-mediated axonal injury [59]. The
specificity of calpain’s cleavage site makes it an attractive target as a clinical bio-
marker of axonal injury as it has been shown to be detectable in CSF after injury
[59]. Moreover, alpha II spectrin is further cleaved into a 120 kDa product associ-
ated with cleaved caspase-3 activity [60]. Although concussion typically does not
result in significant neuronal loss, there is evidence that apoptosis can occur in some
instances [61]. Thus, alpha II spectrin may be useful to delineate the underlying
injury pathways of axonal injury or delayed cell death occurring after mTBI
(Fig. 2.2).

Military Concussion

Military operations over the last two decades have highlighted a shift in warfare
injuries, with a larger percentage attributable to survivable blast exposure and head
trauma [62]. Blast exposures and mTBI contribute to a large segment of the brain-
injured cohort and have become increasingly recognized as a potentially unique
form of mTBI [63]. Evidence suggests that non-fatal blast exposure in the absence
of contusion also results in axonal injury but with patterns distinct from conven-
tional head trauma [64]. Data from animal models of subclinical blast trauma point
toward significant and delayed alterations in heavy neurofilament expression, which
is in turn associated with impaired electrophysiological function in white matter
and behavioral impairments [65, 66]. In these studies of mild non-blunt force
trauma, calpain-mediated breakdown of alpha II spectrin has been observed in the
absence of neuronal cell loss [66, 67]. Mild blast studies have also demonstrated
neurovascular changes including disruption of the blood-brain barrier (BBB)
involving degeneration of astrocytic endfeet following blast exposure [68, 69].
There is also evidence to suggest that soldiers exposed to blast injuries develop
deposits of phosphorylated tau, a hallmark indicator of chronic traumatic encepha-
lopathy [70]. Although tau deposition is generally attributed to repetitive head
trauma, there is well-documented postmortem and in vivo imaging studies describ-
ing tau deposition years following a single TBI event highlighting the complexity
of the response to various modalities of TBI [71, 72]. It should also be noted that
blast modeling in animals, particularly the defining criteria for mild or low-level
blast and its correlation to human low-level blast exposure, is not well-established
or standardized [73]. Moreover, blast injuries in human cases are often confounded
with comorbidities including post-traumatic stress disorder (PTSD) and limited to
imaging studies which provide little insight into the underlying molecular mecha-
nisms of injury.
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Fig. 2.2 Cartoon depicts some of the molecular mechanisms described in in vitro studies believed
to contribute to secondary axonal injury after trauma. Mechano-sensitive voltage-gated sodium
channels are activated by physical insult resulting in sodium ion influx into axons. The increased
sodium ion concentration in axons causes reversal of sodium—calcium exchangers. Increased cal-
cium ion influx can mobilize calpains resulting in proteolysis of cytoskeletal proteins such as alpha
II spectrin. Shedding of spectrin into the interstitial spaces finds its way into peripheral circulation
and can be detected in some instances as a serum biomarker. Physical damage to microtubule
networks results in the disruption of axonal transport. Beta-amyloid precursor protein accumulates
within axons due to transport failure resulting in axonal swelling. This has been shown to result in
axonal disconnection
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The Biology of Biomarkers for Concussion

Biomarkers have the potential to noninvasively diagnose the presence of concus-
sion. However, their clinical application has been met with limited success. The
shortcomings of biomarker utility in concussion are in part due to the broad clinical
definition based on external symptoms, while the underlying physiological criteria
have not been specifically defined [74]. This disconnect is also complicated by evi-
dence pointing to the pathophysiology of concussion extending beyond the window
of clinical symptoms [75-77]. These imply a disconnect between the current gold
standard of clinical diagnosis for concussion and the molecular tools meant to sup-
plant this standard. Despite these challenges, the principles of biomarker develop-
ment are based on our understanding of cellular and subcellular changes occurring
in neural tissues in response to trauma which are presumably important contributors
to clinical outcome.

Cleavage substrates of calpain are presumably released from injured neurons or
axotomized axons and find their way into the CSF and blood. These biomarkers
provide insight into proteolytic cleavage targets and an opportunity for the develop-
ment of a noninvasive diagnostic tool. Neurofilaments have also been evaluated
clinically as biomarkers of axonal injury and provide some insight into the patho-
physiology of axonal injury after concussion. Neurofilaments subtypes consisting
of light, medium, and heavy chains are the largest contributors to the intermediate
filament family that make up the neuronal cytoskeleton along with actin microfila-
ments and the larger caliber microtubules [78]. In animal models, there is a demon-
strated correlation between injury severity and the amount of detectable serum and
CSF phosphorylated heavy neurofilament [79]. Serum presence of neurofilament
light (NFL) chain after repetitive head injury has been shown to correlate with
injury severity in repetitively concussed athletes [80]. Serum presence of NFL chain
also correlates with CSF levels. Interestingly, elevated NFL was detected up to
3 months post-injury in boxers [81], suggesting a prolonged shedding or injury to
axons, which further supports that notion of concussion as an ongoing neurodegen-
erative process.

A common theme in studies of white matter injury is that heterogeneity exists
among axons, not only in composition (e.g., myelinated vs unmyelinated), but also
in their response to injury. In vitro studies have demonstrated that the neurofilament
response to stretch varies depending on the degree of mechanical insult applied
[82]. The varied response to different degrees of mechanical injury in vitro is con-
sistent with in vivo observations which indicate differing immunoreactivity sub-
types following TBI [83]. Similarly, neurofilament compaction, believed to be a
result of phosphatase activity on the sidearm structures [84], does not occur in the
same axons as those exhibiting microtubule destabilization and impaired axonal
transport [85—87]. The varying axonal response to injury across these studies were
reported under conditions of moderate to severe modeled TBI and whether these
mechanisms are involved in concussion remains to be further elucidated. However,
these studies are valuable for demonstrating the heterogenic axonal response to TBI.
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Mild stretch injury induces increased neurofilament immunoreactivity in axons
[82] which also correlates with increases in heavy neurofilament expression
observed in fluid percussion models and mild blast in vivo models [66, 88].
Similarly, increases in phosphorylated heavy neurofilament have been detected in
serum samples from boxers [89]. Phosphorylated heavy neurofilaments are predom-
inantly localized in long axons [90], which make them a potential marker for axonal
injury. Numerous clinical and animal studies have examined the prognostic and
diagnostic value of serum and CSF biomarkers. However, their meaningful applica-
tion in human concussion and mTBI remains to be further clarified due to technical
hurdles in terms of thresholds of detection and whether the select measures are truly
indicative of underlying pathophysiology [91, 92] (Fig. 2.3).

Biomarker studies have been useful in identifying some generalized cellular
changes in addition to neurofilament shedding and disruption. One such example is
the detection of glial fibrillary acidic protein (GFAP). GFAP is an astrocytic scaf-
folding protein whose presence in serum has recently been shown to correlate with
MRI abnormalities [93] and has been detected in serum samples of mild and moder-
ate TBI patients [94]. As with all biomarkers of TBI, the reliability of GFAP as an
indicator of mTBI is not firmly established. For example, no reported changes in
GFAP were found in serum samples from Olympic boxers, while phosphorylated
tau, a suspected indicator of chronic traumatic encephalopathy, was detected [95].
There are numerous reasons for the discrepancies between these findings including
timing of sampling, type of injuries sustained, and methods used for detection.
Similar to the issues surrounding the clinical usefulness of DTI in the detection of
concussion, further studies are required to better understand the physiology and
temporal sequence of protein shedding into the blood from the CNS for the applica-
tion of biomarkers to be both reliable and accurate [91, 96].

Repetitive Concussion and Implications
for Neurodegenerative Diseases

Animal studies examining GFAP immunoreactivity after mTBI have demonstrated
an increase in GFAP expression after injury and increased the presence of microg-
lial activation [97]. Not surprisingly, repetitive head injury in rodents also demon-
strates increased the presence of GFAP expression and immune reactivity in brain
tissue [98]. In addition to increase in GFAP expression in reactive astrocytes,
increased presence of phosphorylated tau (p-tau) protein in rodent models [98] is
consistent with the neuropathology of chronic traumatic encephalopathy (CTE).
CTE is the term used to describe the neurodegenerative condition characterized by
perivascular neurofibrillary tangles of p-tau which frequently occurs in tandem with
tau expressing astrocytic tangles seen in a significant number of repetitively head-
injured cases [99, 100]. Although there is no clear consensus on whether CTE con-
stitutes a distinct clinical condition [101] or is part of a larger spectrum of tauopathies,
the diagnosis for CTE can only be confirmed through postmortem histological
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Fig. 2.3 In vitro studies suggest that axon membrane permeability is not a common occurrence in
mTBI. Thus, calcium entry either occurs from reversal of sodium—calcium exchangers or secondary
calcium release from the axonal endoplasmic reticulum. Other observed mechanisms of calcium-
induced injury to axons include activation of phosphatases resulting in loss of sidearms projections
in neurofilaments. Sidearm projections are believed to be responsible for maintaining axon caliber
and their loss results in neurofilament compaction contributing to changes to axon diameter.
Phosphorylated neurofilaments have been detected in serum samples from concussed patients. While
it is assumed that membrane disruption is responsible for the shedding of proteins such as neurofila-
ments and GFAP, there remains the issue as to how these proteins end up in peripheral circulation
given that concussed patients and mild TBI animal models demonstrated little evidence of axotomy

analysis and is graded in four stages based on the distribution and density of p-tau
[100, 102]. Given that stages of CTE pathology can be categorized, the molecular
course of events suggests an evolution of injury but also the potential for interven-
tion at limiting the progression of CTE.
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In addition to the association with neurodegenerative tauopathies, concussion
and mTBI are also associated with an increased risk of developing dementias [103].
The link between concussion and dementia demonstrates an overlap in pathology
and molecular pathways with some evidence pointing toward concussion as an
accelerator for those at risk or increasing risk of development of neurodegenerative
disorders such as Alzheimer’s disease [104]. At a basic research level, understand-
ing the progression of tauopathies has been difficult despite the recent development
of numerous models of mild and repetitive brain trauma [105-107]. Although histo-
logical examination in these models demonstrates tau deposition [105], the time
course of detection is relatively acute compared to the life-long development in
human cases of concussion. The overlapping pathology of other neurodegenerative
disorders poses a challenge in trying to parse the effects of tau deposition in the sole
context of mTBI, considering the natural progression of dementias and AD. This
necessitates longitudinal studies when attempting to establish risk of disease devel-
opment. This further highlights the challenges in modeling human concussion in
animals [4, 108] and extrapolating information between species and reconciling
what are shared mechanisms of injury progression, regardless of temporal
discrepancies.

Emerging Research

An area of important clinical significance in the acute management of brain trauma
is the integrity of the BBB and its effects on cerebrovascular dynamics. While the
majority of the work to date has focused on the effects on concussion on white mat-
ter injury, there is evidence from animal models that BBB and neurovascular disrup-
tion are also components of mTBI [106, 109, 110]. A recent mTBI case study
indicates potential detection of neurovascular compromise suggesting that the neu-
rovascular unit may also be at risk in addition to neurons and glia [111]. A critical
limitation in the clinical evaluation of BBB is the lack of direct assessment on its
integrity. Serum biomarkers are a surrogate measure of a presumed leakiness of the
BBB, allowing passage of otherwise impermeable proteins into peripheral circula-
tion and vice versa. However, as indicated, the reliability and the interpretation of
serum biomarkers, particularly in light of the discovery of the perivascular glym-
phatic system [112] and a sinus-associated lymphatic system [113] in the brain
poses new questions about the mechanism of protein leakage into circulation fol-
lowing TBI [112, 114].

These recent anatomical findings bring to light the complexity of the brain and
our limited understanding, even in its native state. There is an obvious need for fur-
ther study in understanding the interactions between anatomical structures at the
cellular and molecular levels in the context of concussion. Advances in imaging
technologies in parallel with advanced molecular techniques are on the verge of
providing an integrated understanding of preclinical and clinical pathophysiological
mechanisms underlying concussion.
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Chapter 3
Neuroimaging of Concussion

Nathan W. Churchill

Introduction

Concussion is a form of mild traumatic brain injury (TBI) that is associated with
disturbances in physical function, cognition, mood, and quality of sleep, despite an
absence of overt neuroanatomical lesions. At present, the diagnosis and clinical
management of concussion are based on symptom assessments and brief evalua-
tions of cognition and balance. It remains an ongoing challenge, however, to iden-
tify the alterations in brain physiology that underlie neuropsychological and
behavioral symptoms. There is also growing concern that biological recovery lags
behind clinical resolution and that the long-term effects of concussion may be com-
pounded if individuals are re-injured after returning too soon to normal activities.
Neuroimaging can be used to investigate the changes in brain physiology that
occur after a concussion, in a safe, noninvasive way. Historically, radiological imag-
ing, including computed tomography (CT) and anatomical magnetic resonance
imaging (MRI), has been used to rule out more severe injury but has limited use in
assessing the “invisible” effects of concussion, which include microstructural injury,
altered neurometabolism, and disrupted cerebral blood flow (CBF) [1]. Over the
past two decades, however, advanced neuroimaging techniques have been devel-
oped and refined, leading to new insights into these subtle physiological changes.
Arguably, most of the work in this area has been done with MRI, which is a tech-
nique that immerses the brain in a strong static magnetic field and uses a combina-
tion of magnetic gradients and radiofrequency pulses to obtain brain images. Its
power comes from its versatility, as a diverse array of pulse sequences have been
developed, producing images that are sensitive to different aspects of physiology.
This is particularly important when studying the complex pathophysiology of
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concussion, as different MRI sequences provide complementary information about
the effects of concussive injury and subsequent recovery.

This chapter provides a high-level survey of the current state of knowledge in con-
cussion neuroimaging for each of the key MRI sequences that are used in concussion
research. This includes a review of (1) the aspects of brain physiology that it measures,
(2) what it tells us about the initial physiological response to injury and recovery pro-
cess, and (3) its relationship with clinical presentation, focusing mainly on severity of
self-reported symptoms, which is a cornerstone of concussion assessment. At the end
of each section, there is also (4) a discussion of new and underutilized imaging tech-
niques that can provide new insights into concussion. As shown in Fig. 3.1, the key
sequences include structural imaging, diffusion tensor imaging (DTI), task-based
functional MRI (tb-fMRI), resting-state fMRI (rs-fMRI), arterial spin labeling (ASL),
and magnetic resonance spectroscopy (MRS). The final section of this chapter will
discuss opportunities and limitations in the application of MRI to the clinical manage-
ment of concussion. A note on terminology: throughout this chapter, “concussion”
and “mild TBI” will be used interchangeably. In addition, no distinction will be made
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Fig. 3.1 Diagram summarizing the key magnetic resonance imaging (MRI) sequences used to
investigate concussion, the measures of brain physiology they are used to interrogate, and the
concussion effects they are most sensitive to
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between the different criteria used by studies to determine concussion status, nor
between concussion in sport, military, and civilian settings. Although they are likely to
be important considerations, these issues have been largely unexplored in the neuro-
imaging literature, and as such, they are beyond the scope of this chapter.

Structural Imaging

Although concussion is primarily considered a functional injury [2], structural MRI
sequences have been used in hospital settings to identify abnormalities that signify
complex or more severe TBI. In this section, clinical imaging techniques are briefly
summarized, but for a more comprehensive overview see, for example, Shenton
et al. [3]. One of the oldest TBI assessment tools is CT, and it remains the dominant
approach for acute assessment, given its accessibility, ease of use, and sensitivity to
injuries requiring immediate intervention, such as hemorrhage, intra-cerebral swell-
ing, and skull fracture [4]. After patient stabilization, structural MRI can be used to
further assess for injuries, due to improved soft tissue contrast and sequences that
detect specific tissue types and pathologies. In concussion, this includes injuries that
do not require neurosurgical intervention, such as minor petechial hemorrhage, con-
tusions, and edema [5, 6]. Among the standard sequences, T1-weighted imaging is
often used to visualize neuroanatomy, with high signal in white matter, intermediate
signal in gray matter, and low signal in cerebrospinal fluid (CSF). T2-weighted
imaging has high signal in CSF and is used to detect lesions, which appear hyperin-
tense due to edema in injured tissues. Fluid attenuation inversion recovery (FLAIR)
is an alternative sequence where the CSF signal is nullified, creating hyperintensi-
ties that are specific to intraparenchymal lesion and hemorrhage. Susceptibility-
weighted imaging (SWI) has more recently attained widespread use [7], as this
sequence is sensitive to deoxyhemoglobin and cerebral microhemorrhage, which
appear as hypointense “spots.” The prevalence of findings on clinical MRI varies
substantially between studies, ranging from infrequent (15-20%) to highly frequent
(57%) [8-10], although these numbers are often based on limited sample sizes. In
general, clinical imaging has limited utility in concussion research, with studies
consistently reporting that structural MRI findings are nonpredictive of cognitive
deficits and recovery time after injury [8, 9, 11, 12]. As a representative example,
Fig. 3.2a shows anatomical scans for a patient with symptomatic concussion.
Despite the patient exhibiting typical signs and symptoms of injury, no gross struc-
tural abnormalities are seen.

Beyond the acute identification of cerebral lesions, T1-weighted imaging has
been combined with sophisticated algorithms to detect subtle long-term changes in
brain morphology and tissue composition associated with concussion. This includes
neuronal cell loss due to axonal injury and secondary biochemical cascades [13],
which may be exacerbated by impaired neurovascular function and protracted neu-
roinflammatory response [14, 15], with potential long-term effects on cognition
[16]. However, post-concussion changes in gray matter may also include
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Fig. 3.2 Imaging sequences used to assess neuroanatomy and tissue microstructure after concus-
sion. (a) common anatomical sequences include T1-weighted imaging, fluid attenuation inversion
recovery (FLAIR) and susceptibility weighted imaging (SWI), shown for a participant with symp-
tomatic concussion. No gross structural abnormalities are observed. (b) comparison of mean grey
matter volume fraction, for groups without (N=24) and with (N=13) a history of concussion
(HOCQ), i.e., occurring more than 1 year prior to imaging. Areas of substantial group difference
(Cohen’s d > 0.8) are also depicted. The HOC group shows reduced volume in the anterior cingu-
late and left temporal lobe. (c) diffusion-weighted parameter maps, shown for an individual with
symptomatic concussion. Standard DTI measures include fractional anisotropy (FA), along with
mean, axial and radial diffusivities (MD, AD, RD). Advanced NODDI measures include the orien-
tation dispersion index (ODI), along with intracellular and isotropic water volume fractions (VIC,
VISO). (d) comparison of mean FA in white matter tracts of control (N=37) and symptomatic
concussed (N=22) groups. The concussed group shows increased FA in the right external capsule

neuroplastic reorganization to compensate for the effects of injury [17], and effects
may be confounded by the normal processes of maturation and aging. Owing to
transient physiological changes at early injury (e.g., tissue edema) and the delayed
nature of structural changes, most MRI studies of gray matter morphology have
been conducted long after clinical recovery, averaging between 9 months and
2 years post-injury [18-21]. Whereas more severe forms of TBI are associated with
long-term functional deficits and correspondingly widespread declines in gray mat-
ter volume [22, 23], the effects of concussion tend to be far subtler. See, for exam-
ple, Fig. 3.2b, in which a comparison of groups with and without a history of
concussion shows spatially limited differences in grey matter volume.

Despite an absence of neurocognitive impairments or elevated symptom com-
plaints at the time of imaging, concussed individuals often show reduced gray mat-
ter in the prefrontal cortex and hippocampus compared to individuals without prior
concussion [18-21]. There is also more limited evidence that individuals with
greater self-reported symptoms at the time of imaging have reduced prefrontal gray
matter [18], and those with longer recovery times after their last concussion have
reduced frontotemporal volumes [19]. Intriguingly, one study examined patients
longitudinally, scanning them an average of 23 days post-injury and at 1-year
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follow-up [24]. They reported longitudinal declines in frontal and precuneal gray
matter and increased symptoms of depression and anxiety. These findings indicate
subtle concussion-related atrophy, with frontotemporal gray matter being particu-
larly susceptible, likely caused by impacting on bony protuberances of the skull
during injury [25]. Interestingly, these effects were seen despite an absence of
impairments on standardized neurocognitive testing. This highlights the brain’s
ability to adapt to injury, likely through changes in white matter pathways and func-
tional organization, as discussed in the DTI and fMRI sections below, respectively.

Nevertheless, these studies raise concerns about the long-term consequences of
concussion, particularly after repeated injury. Retrospective studies of retired pro-
fessional athletes have identified negative long-term outcomes of repeated head
impacts, ranging from subtle cognitive impairment and mood dysregulation to an
increased risk of neurodegenerative mortality [26—-28]. This represents a uniquely
high-risk population though, and it is unclear to what extent subtle post-concussion
changes in gray matter seen in the general population, typically imaged 1-2 years
after injury, affect their physical and mental health later in life. To address these
issues, longitudinal studies are needed that extend beyond current post-injury time
intervals, with an emphasis on tracking the effects of serial concussions. As an addi-
tional consideration, structural MRI studies of concussion have largely conducted
univariate analyses in brain regions of interest. This neglects the fact that gray mat-
ter change in one region may affect gray matter in structurally and functionally
connected regions. Structural covariance may be used to address this issue [29], as
itidentifies distributed patterns of gray matter that co-vary between individuals. The
approach has been used in studies of acquired brain injury and pathological aging
[30, 31] and represents a promising tool for concussion research.

Diffusion Tensor Imaging (DTT)

Moving beyond conventional structural imaging, DTI is used to investigate
concussion-related changes in the microstructure of cerebral tissue. This technique
produces images that are sensitive to diffusion, i.e., the random movement of water
molecules in tissues. Its use comes from the fact that the speed and directionality of
water diffusion depend on local tissue composition and geometry. During imaging,
diffusion is measured in many spatial directions and used to fit a tensor that describes
local diffusion behavior. This tensor can be summarized by its mean diffusivity
(MD), characterizing the overall diffusion rate, and its fractional anisotropy (FA),
characterizing the tendency for diffusion to move in a preferred direction. Some
studies also examine axial diffusivity (AD), which measures diffusion along the
preferred direction, and radial diffusivity (RD) which measures diffusion perpen-
dicular to the preferred direction. Representative DTI parameter maps are shown for
a single patient with symptomatic concussion in Fig. 3.2c. DTI studies typically
focus on white matter tracts, where myelinated fiber bundles allow unhindered dif-
fusion parallel to the tracts but limit diffusion perpendicular to the tracts. This pro-
duces high values of FA and low values of MD for healthy white matter tissue. In



48 N. W. Churchill

TBI, impact-related shear forces cause diffuse injury to neural cells [32], including
axotomy, cytoskeleton breakdown, impaired vesicular transport, and mitochondrial
swelling, along with the demyelination of intact axons [13, 33]. Collectively, these
injuries are associated with reduced FA and increased MD in white matter; there is
also evidence that axonal pathology is mainly associated with reduced AD, while
myelin loss is mainly associated with increased RD [34, 35]. The DTI parameters
are often treated as proxy measures of white matter integrity for more severe TBI
[36], where significant effects are seen in patients imaged months to years after an
injury [23].

In concussion, the effects of axonal injury are more limited and other, potentially
reversible, physiological changes are thought to predominate [37]. Among symp-
tomatic individuals, imaged within the first week post-injury, concussion has been
associated with decreases in FA and increases in MD and RD within white matter
tracts [38—41]. These effects have been interpreted as being due to diffuse axonal
injury, as the affected white matter regions are consistent with patterns of injury seen
in more severe TBI, including infratentorial and subcortical white matter, internal
capsule, corpus callosum, and fornix [41]. However, other likely contributors include
vasogenic edema, caused by breakdown of the blood-brain barrier [42], and intra-
cellular edema, stemming from transient ionic imbalances, with glial cells being
most affected [42, 43]. Both may increase extra-axonal water, although there is evi-
dence that cytotoxic effects predominate at the later stages of injury [44].
Neuroinflammatory response may also contribute to diffusivity changes, with glial
hypertrophy increasing extra-axonal water volume contributions [45]. It is, however,
worth noting that not all studies have reported the same direction of change, as early
increases in FA and reductions in MD have also been identified within 1-2 weeks
post-injury [46, 47]. This may reflect spatial heterogeneity in the effects of tissue
edema; for example, cytotoxic effects may induce a greater relative amount of intra-
axonal swelling within some cohorts and brain regions. As an example of enhanced
post-concussion FA, Fig. 3.2d compares control and symptomatic concussed groups,
with the latter showing elevated FA values in the right external capsule.

Longitudinal studies have often shown DTI effects lasting well beyond the early
symptomatic phase of injury. The disturbances in FA and MD seen in the first week
after concussion were typically unresolved at follow-up imaging, which ranged
from 3 weeks to 6 months post-injury [39, 40, 48, 49], despite participants being
generally asymptomatic at the later time points. More recently, we conducted one of
the longest follow-up studies to date, where we imaged concussed varsity athletes
in the first week of injury, at medical clearance (median: 27 days) and 1 year after-
ward. We found that white matter FA was reduced at early injury and at medical
clearance but had resolved at 1-year follow-up. In contrast, MD was elevated at
early injury, with ongoing effects at medical clearance and 1 year follow-up, despite
participants having returned to normal daily activities without persistent clinical
deficits. These findings suggest a subtle long-term neurobiological response that
evolves over months to years post-injury, which is supported by cross-sectional
studies showing DTI abnormalities in patients with a history of concussion, imaged
months to years after injury [19, 41]. This may be a consequence of diffuse axonal
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injury, although the extent and magnitude of findings are surprising, given the nor-
mal course of recovery and absence of functional deficits. An alternate candidate is
neuroinflammation, which has been identified months after insult [50], and can
exacerbate blood—brain barrier permeability in self-reinforcing fashion [51]. This is
supported by prior research, in which peripheral markers of neuroinflammation
were seen in individuals years after their last concussion [52]. The long-term DTI
findings also do not necessarily represent pathophysiology, but may instead derive
from neuroplastic changes in response to injury [17] which may be adaptive or mal-
adaptive in nature [53]. These processes also need not be mutually exclusive. For
example, axonal injury may in turn mobilize local neuroinflammatory response and
subsequent neuroplastic reorganization, all of which may contribute to a pattern of
DTTI abnormalities that appears relatively static over time.

Besides an indicator of concussion pathophysiology, changes in white matter
microstructure have significant consequences for information transmission in the
brain, which may contribute to both subjective symptoms and neurocognitive
impairments. Elevated FA and reduced diffusivity at early injury have been corre-
lated with more severe acute symptoms and longer recovery times [46, 54], poten-
tially due to greater edema-related compression of intracellular spaces. Interestingly,
among patients experiencing prolonged symptoms months after injury, these effects
may be reversed, as more severe symptoms are associated with reduced FA [18, 55]
and higher diffusivity [56, 57], although in some cases null effects have also been
reported [58]. White matter injury may further contribute to neurocognitive impair-
ments after a concussion. Although less well-studied, there is intriguing evidence
that regional DTI abnormalities may correlate with deficits in specific cognitive
domains; for example, lower frontal FA has been correlated with deficits in execu-
tive function [59], whereas higher FA of the corpus callosum has been correlated
with deficits of attention [47].

A major limitation of DTI is its nonspecificity, as changes in FA and diffusivity
can arise from many mechanisms, including changes in cell morphology and pack-
ing density, altered myelination status, and variations in fiber orientation. This is
partly due to DTI’s simplistic model of diffusion, which consists of a single water
compartment with anisotropic Gaussian water diffusion. To improve imaging speci-
ficity, more sophisticated models of water diffusion are needed. Promising
approaches include diffusion kurtosis imaging (DKI) [60], which quantifies devia-
tions from the Gaussian model, and neurite orientation dispersion and density imag-
ing (NODDI) [61], which obtains intra-neurite and extra-neurite water contributions,
along with a more detailed model of fiber orientation; examples of NODDI param-
eter maps are shown for a patient with symptomatic concussion in Fig. 3.2c. We
recently conducted a combined study of DTI and NODDI, in which we found that
post-concussion decreases in FA and increases in diffusivity are driven mainly by
reduced intra-neurite water [62]. In addition, individuals with prolonged recovery
showed FA and diffusivity effects that were driven by changes in neurite orientation.
These results emphasize that post-concussion changes in DTI parameters may arise
from multiple mechanisms, which may be disentangled using advanced diffusion-
based techniques.
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Task-Based Functional MRI (tb-fMRI)

Blood-oxygenation-level-dependent (BOLD) fMRI provides a window into the
effects of concussion on brain function. This technique exploits the fact that hemo-
globin in red blood cells has differing magnetic properties depending on whether it
is bound to oxygen. Oxy-hemoglobin is weakly paramagnetic, whereas deoxyhe-
moglobin is diamagnetic and distorts local magnetic fields, with decreased signal
during imaging. This is used to infer brain activity, as increased neurometabolic
activity triggers an influx of oxygenated blood, washing out deoxygenated blood,
and causing the BOLD signal to increase. The BOLD response is sluggish, peaking
roughly 4-6 seconds after neural activation, but can localize activity to millimeter-
level spatial precision. Conventional task-based fMRI (tb-fMRI) uses BOLD fMRI
to measure changes in brain activity between experimentally induced cognitive
states. Images are acquired while participants perform a task that engages sensory,
motor, or cognitive domains of interest, along with a “control” condition that does
not engage these domains. By measuring the difference in BOLD signal between
task and control states, we may obtain maps of task-specific brain activity. In TBI,
mechanical injury causes impaired neural function, with effects that are well-studied
using animal models. During an impact, forces exerted on neural cells cause mecha-
noporation and the unchecked release of ions and neurotransmitters [63]. The ionic
imbalances, coupled with impaired CBF, cause neurometabolic dysregulation,
while neurotransmitter release further impairs neural communication and induces
excitotoxic effects [64, 65]. Collectively, these effects alter synaptic excitability,
inhibition, and learning-related neuroplasticity [66, 67]. While the effects of TBI on
neural function are well-studied at the cellular level, tb-fMRI can be used to mea-
sure changes in task-related activity at the whole-brain level. Studies of more severe
TBI have reported spatially distributed changes in brain activity lasting months to
years after injury [68, 69], with effects that are correlated with the severity of white
matter injury [70].

In concussion, tb-fMRI studies have focused on aspects of higher-level cognition
that are often impaired after injury. The most well-studied domain is working mem-
ory, which refers to the ability of the brain to temporarily retain and manipulate
information in order to guide decision-making. Historically, tb-fMRI studies have
been conducted beyond the initial symptomatic window of injury, with the goal of
identifying subtle deficits in otherwise clinically recovered patients. A series of
landmark studies compared working memory of controls and patients with mild
TBI, imaged within 1 month of injury [71-73]. They found that both groups acti-
vated an extensive set of prefrontal, temporal, parietal, and cerebellar regions, but
patients had greater amplitudes of activation and recruited more extensively, mainly
from prefrontal and anterior cingulate areas. This was despite a general lack of
impaired performance on working memory tasks. The mechanisms of hyper-
activation are disputed, although a few explanations have been proposed [74-76].
This includes maladaptive response, with concussion-related disruptions in brain
networks leading to the inefficient use of resources; and compensatory response,
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with recruitment of areas that are not normally involved in the task, in order to sus-
tain performance; and the engagement of latent resources, with recruitment of areas
that are available for the task, but not activated under normal cognitive loads. As the
concussed individuals in these studies are not significantly impaired on task perfor-
mance, and hyper-activation occurs in frontal regions engaged in healthy individu-
als under higher cognitive loads [72], the evidence favors a latent resource
interpretation, but this question is not yet definitively resolved. Outside of working
memory tasks, concussed patients have also shown enhanced frontoparietal activity
during virtual reality navigation tasks, in the absence of performance deficits [77,
78]. However, concussed patients had reduced frontoparietal activity while per-
forming auditory tasks of executive function and attentional control [79-81], indi-
cating that hyper-activation is not a universal response and may depend on the
cognitive task under investigation.

In longitudinal studies, disturbances in task-related brain function appear to
emerge at early injury and persist beyond clinical recovery. Studies identifying
altered brain function during working memory tasks in the first week of injury
reported persistent frontal hyper-activation at 1-2 months post-injury [82-84],
despite an absence of behavioral or symptom impairments at the later imaging time
points. This is not restricted to working memory, as persistent functional distur-
bances were found in patients performing an oculomotor task, imaged at 1 week and
1 month post-injury [85]. To date, there have been no longitudinal studies extending
beyond 2 months post-injury. However, cross-sectional tb-fMRI studies of asymp-
tomatic individuals with a history of multiple concussions, imaged an average of 6
and 9 months post-injury, showed no functional abnormalities associated with a
working memory task [86, 87], suggesting that resolution of functional disturbances
occurs prior to this time interval. Collectively, these findings indicate that distur-
bances in task-related activity appear soon after the concussion event, likely in
response to neural injury and neurometabolic dysregulation, and persist beyond
clinical recovery with eventual resolution in the months afterward, supporting the
adaptive, plastic nature of brain function.

The tb-fMRI studies provide direct evidence that task-related brain activity is
affected by concussion, despite an absence of task-related behavioral impairments.
It is less clear how these disturbances relate to acute symptom presentation and the
course of clinical recovery. One study reported that, in the first week of injury,
higher parietal activity correlated with lower cognitive and somatic symptoms,
whereas greater premotor activity predicted a longer recovery time [82]. This sug-
gests that the initial hyper-activation is not solely an adaptive response to injury but
depends on the specific brain regions that are recruited. Similarly, among individu-
als with persistent post-concussion symptoms, a series of working memory studies
conducted from 3 to 6 months post-injury found reduced activation within core
prefrontal networks and greater recruitment of nontask regions, despite generally
unimpaired task performance [88-91]. Based on these findings, hyper-activation is
associated with both better and worse outcomes, depending on the affected brain
regions, whereas hypo-activation is more broadly associated with symptom impair-
ments. At present, these findings have been mainly evaluated in the context of
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working memory. Given the diversity of other functional domains affected by con-
cussion, there is a need to extend research to other paradigms and establish the
generalizability of these findings.

Although there is tight coupling between synaptic activity and neurovascular
response in the uninjured brain, it should be emphasized that BOLD fMRI only
indirectly measures neuronal activity. The BOLD response is driven by changes in
neural metabolism, CBF, and cerebral blood volume, and does not have an interpre-
tation in absolute physiological units. Studies typically interpret concussion-related
changes in BOLD response as altered neural activity, which is supported by the
spatial specificity and task load-dependent nature of the effects [71, 92]. Nevertheless,
the BOLD response may also be influenced by post-concussion changes in basal
perfusion and neurovascular uncoupling [93]. One way to address this ambiguity is
through the use of quantitative BOLD, where the controlled delivery of blended
gases is used to measure BOLD changes under different hemodynamic states,
thereby estimating changes in O, metabolism [94]. Another solution is to acquire
fMRI concurrently with electroencephalography (EEG) or positron emission
tomography (PET), which measure electrophysiological activity and glucose
metabolism, respectively; both have been used to identify neural dysfunction after
mild TBI [95, 96]. Future work may benefit from combining imaging modalities,
although this is nontrivial to implement and will require creative solutions to avoid
placing undue burden on patients with concussion, particularly in the early symp-
tomatic phase of injury.

Resting-State fMRI (rs-fMRI)

More recently in the field of fMRI, there has been a growing body of research focus-
ing on spontaneous BOLD fluctuations in the resting brain. This approach is based
on the discovery that, even at rest, functionally related brain regions tend to have
synchronized BOLD signal fluctuations [97]. By mapping the temporal correlations
(or “functional connectivity”) between regions, we may thereby characterize the
functional organization of the brain. This may be described in terms of functional
networks, which are ensembles of brain regions that have high inter-regional con-
nectivity, are stable over time and between individuals, and are implicated in spe-
cific sensory, motor, or cognitive domains [98, 99]. Termed resting-state fMRI
(rs-fMRI), this method is appealing for studies of TBI and concussion, as it only
requires that patients rest quietly in the scanner. Due to the minimal setup and com-
pliance demands, rs-fMRI has largely supplanted tb-fMRI as the functional para-
digm of choice in concussion research. The ease of implementation comes at a cost
though, as “rest” represents an unknown, unconstrained brain state [100], and we do
not have concurrent measures of cognition and behavior. Nevertheless, given the
evidence for TBI-related disruptions in the white matter connections between brain
regions and in local brain function, rs-fMRI provides an appealing method for inter-
rogating the effects of concussion on inter-regional communication. Studies of
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more severe TBI often identify functional hyper-connectivity as a signature of
injury, but are generally conducted months post-injury and focus on the neural cor-
relates of persistent cognitive deficits [101, 102].

In concussion, studies in the early symptomatic phase of injury remain some-
what limited and have reported variable findings. Most of the research to date has
focused on the default mode network (DMN), which is a highly conserved network
of regions that includes the posterior cingulate, precuneus, medial prefrontal cortex,
and angular gyrus. The network is implicated in inward-directed aspects of cogni-
tion (e.g., introspection, emotion processing, and memory consolidation) and shows
reduced activity during externally directed tasks [103]. Examples of the DMN are
shown for a patient with symptomatic concussion in Fig. 3.3a, using both seed-
based and component-based techniques. Of the few DMN studies, a mixture of
effects have been reported, with reduced posterior connectivity but enhanced frontal
connections, within the first 24 hours post-injury and at 10 days post-injury [104,
105]; conversely, another study reported uniformly reduced connectivity at 7 days
post-injury [106]. However, focusing on a single functional brain network limits our
ability to discern changes occurring elsewhere in the brain. As an alternative, our
group has studied global connectivity, in which we calculate the average connectiv-
ity of each brain region with all others, providing an index of total integration;
Fig. 3.3a shows a representative global connectivity map. We have found enhanced
global connectivity after concussion, primarily in dorsal and frontal brain regions
[38, 40, 54]. However, there is also evidence that both DMN and global connectivity
values decline over the first week of injury [38, 106]. These findings further high-
light the complex, volatile nature of functional connectivity changes in the early
phase of injury, which may be driven by a combination of neurometabolic dysregu-
lation, axonal injury, and cerebrovascular impairment, along with compensatory
changes in functional network organization [107].

Longitudinal rs-fMRI studies have reported persistent effects beyond symptom
resolution, which most consistently manifest as hyper-connectivity. A study found
evidence of emerging hyper-connectivity between the DMN and areas implicated
in attention and emotion processing from 1 to 30 days post-injury, corresponding
to the partial resolution of depressive symptoms [108]. This change is corrobo-
rated by cross-sectional studies of concussed patients, which show DMN hyper-
connectivity at 1-2 months post-injury [109, 110], despite symptom resolution at
the later time points. In terms of global connectivity, we recently conducted a
longitudinal study with imaging in the first week post-injury, at medical clearance
(median: 27 days), and 1-year follow-up. In this study, we found acute dorsal
hyper-connectivity, which remained elevated at medical clearance, although it had
dissipated at 1-year follow-up [54]. This is also supported by a study of history of
concussion, showing an absence of significant functional connectivity effects over
9 months post-injury [111]. Collectively, these findings indicate that a key compo-
nent of the concussion response is functional hyper-connectivity, which has been
observed in many forms of acquired brain injury and is thought to sustain brain
function in the presence of neural injury, at the expense of reduced overall net-
work efficiency [74, 107]. Consistent with tb-fMRI findings, this enhanced
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adjacency matrix, controls network modules,

Fig. 3.3 Imaging sequences used to assess cerebral blood flow, neural activity and metabolism
after concussion. (a) functional connectivity maps, shown for an individual with symptomatic con-
cussion. Techniques include seed-based connectivity (i.e., correlation with a posterior cingulate
region of interest), intrinsic connectivity networks (i.e., data-driven component estimation) and
global connectivity (i.e., mean connectivity of each voxel to all others in the brain). (b) comparison
of graph theoretic network measures for control (N=37) and symptomatic concussed (N=22)
groups. The brain was parcelled into 116 regions (using the Automated Anatomical Labeling atlas)
and thresholded to include the top 10% strongest connections. The mean adjacency graph is shown
for controls and network modules shown for control and concussed groups (obtained via Louvain
algorithm). For each module, brain regions are represented by a unique colour; the concussed
group shows a distinct community organization compared to controls. (¢) cerebral blood flow
(CBF) map obtained from a participant with symptomatic concussion. (d) comparison of mean
CBF in grey matter of control (N=37) and symptomatic concussed (N=22) groups. Areas of sub-
stantial group difference (Cohen’s d > 0.8) are also depicted. The concussed group shows reduced
CBF in the right frontal lobe. (e) single-voxel spectroscopy measures obtained within the right
motor cortex. Metabolite spectra are shown for control and concussed individuals, with peaks cor-
responding to choline (Cho), creatine (Cr) and N-acetyl aspartate (NAA). The concussed partici-
pant shows reduced spectral peak amplitudes, particularly for the NAA peak

response persists beyond medical clearance, but appears to have recovered by the
following year.

There is a substantial body of research examining the clinical correlates of func-
tional connectivity. In the early symptomatic phase of injury, greater symptom
severity and more prolonged subsequent recovery have been linked to lower func-
tional connectivity within the DMN [112, 113] and lower global integration, par-
ticularly in frontotemporal networks [54, 114], although symptom severity has also
been linked to greater connectivity between the DMN and other networks [112—
114]. These findings suggest that, while greater overall functional integration is a
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sign of better outcome at early injury, a failure of networks to segregate appropri-
ately may lead to functional impairments. Among patients with prolonged symp-
toms, greater symptom severity has also been linked to reduced frontal connectivity,
at 1 and 6 months post-injury [115, 116]. Investigations of neurocognitive impair-
ments are rarer, although one study found that reduced segregation between the
DMN and other networks leads to both greater self-reported memory problems and
worse performance on tests of memory [117].

One of the major challenges of rs-fMRI involves selecting brain regions of inter-
est for connectivity analysis. Moreover, focusing on pairwise connectivity between
regions may provide an overly simplistic description of concussion effects, as inte-
gration occurs at multiple spatial scales, and the network changes due to injury and
compensatory response may be distributed throughout the brain. One solution to
this dilemma comes from graph theory. This framework represents functional con-
nectivity in the brain as a “graph,” consisting of nodes (brain regions) that are con-
nected by edges (functional connectivity values). In this framework, topological
properties have been identified that underlie healthy brain function, including small-
world organization (i.e., nodes form highly connected clusters, with a short average
inter-nodal path length), network modularity (i.e., nodes are grouped into “mod-
ules,” where within-module connections are dense but between-module connections
are sparse) and network hubs (i.e., a few nodes have a disproportionately high num-
ber of inter-nodal connections) [118]. Studies of moderate-to-severe TBI have
found evidence of disruptions in all these network properties, reflecting changes in
information flow within the brain [102, 119, 120]. To date, there has been limited
examination of concussion, although a study showed that at 2 weeks post-injury,
local network efficiency and hub behavior are correlated with symptom severity
[121], and a study of patients with persistent symptoms found no abnormalities at
1-3 weeks post-injury but reduced network modularity at 6 months [116]. Fig. 3.3b
compares the functional brain networks of control and symptomatic concussed
groups, showing group differences in modular brain organization. These findings
provide encouraging evidence that graph theoretic measures may lead to a richer
description of the changes in functional connectivity that occur after a concussion.

Arterial Spin Labeling (ASL)

ASL is used to quantify CBF, which is a critical component of brain function, given
its role in delivering oxygen and glucose to brain tissues. For this technique, a radio-
frequency pulse is used to magnetically label arterial blood water that is inflowing
through the basal arteries. The labeled water molecules diffuse through the brain
and eventually transit into the arterioles and capillaries. There, they alter local tissue
magnetization, producing a detectable change in MRI signal. The “labeled” brain
map is then contrasted against a “control” map where no labeling pulse was per-
formed. The difference in signal intensity due to labeled water is proportional to
CBF and can be converted into absolute units using a simplified kinetic model of
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blood flow [122], with an example map shown for a patient with symptomatic con-
cussion in Fig. 3.3c. CBF must be tightly regulated to meet time-varying neuro-
metabolic demands, and it is highly sensitive to neuropathology. In animal models,
CBF is often impaired after a brain injury [123, 124], which causes an uncoupling
with metabolism, as it fails to meet the increased demand of restoring ionic homeo-
stasis in injured neural cells [125]. This leads to an energy crisis and the subsequent
oxidative stress weakens the blood-brain barrier, with further negative effects on
cerebrovascular functioning [126, 127]. Similar effects of blood-brain barrier
weakening are also induced by the post-concussion neuroinflammatory response
[128]. In humans, more severe TBI is associated with significant reductions in CBF
at early injury, which may cause ischemic injury of brain tissues [129].

In studies of concussion, the observed changes in CBF are far milder, and the
direction of effect is less consistent between studies. Different studies have reported
elevated CBF relative to controls [54], reduced values [130], and nonsignificant dif-
ferences [38], all within the first week of injury. The variable nature of early CBF
may be partly driven by the effects of time post-injury, as a longitudinal study
reported significant within-subject declines in CBF from 1 to 8 days post-injury
[131], and a cross-sectional study similarly found elevated CBF for patients imaged
1-3 days post-injury, but reduced CBF for those imaged 5—7 days post-injury [38].
These findings are congruent with animal models, where acute hypermetabolism
and subsequent energy crisis lead to declines in CBF over time [1]. However, other
factors may contribute to the variable CBF response, including inter-individual dif-
ferences in the extent of microvascular injury [132]. Damage to the neurovascular
unit also impairs autoregulatory capacity, i.e., the ability of the brain to maintain
consistent CBF in the presence of fluctuations in systemic blood pressure [133,
134]. These mechanisms may influence the CBF response to varying degrees, with
effects that likely depend on pre-injury vascular health, concussion biomechanics,
and the time interval from injury to imaging, leading to the observed variability
between studies. As an example of heterogeneous post-concussion effects, see
Fig. 3.3d, in which a comparison of control and symptomatic concussed groups
shows spatially limited declines in CBF of the frontal cortex.

In terms of longitudinal recovery, the limited ASL literature indicates a similarly
complex time course of recovery for CBF. A landmark study imaged concussed ath-
letes 1 day, 1 week, and 1 month post-injury [130] and reported focal reductions in
CBEF of the insular and superior temporal cortex at 1 day, with a return to normal
between 1 week and 1 month post-injury. This timeline followed the resolution of
cognitive and neuropsychiatric symptoms. More recently, we conducted a longitudi-
nal study with imaging in the first week post-injury, at medical clearance (median:
27 days) and at 1-year follow-up. The acute disturbances in CBF had dissipated at
medical clearance; however, at 1-year follow-up, new frontal reductions in CBF had
appeared. These findings are corroborated by cross-sectional studies conducted
months to years after injury [19, 135, 136], which also found reduced frontal and
subcortical CBF. This suggests that, following the resolution of acute CBF distur-
bances, there are distinct mechanisms causing chronic disturbances in CBFE. This may
reflect the evolution of processes initiated at acute injury, including the emergence of
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chronic neuroinflammatory response [50] and axonal injury of networks connections
involved in blood flow regulation [137]. The chronic declines in CBF may also be
accompanied by subtle reductions in frontal gray matter [19], which further reduce
regional blood flow demand for individuals with a history of concussion.

In terms of associations between CBF and clinical presentation, this is also a
relatively understudied aspect of concussion. Previous studies have indicated that
higher posterior CBF is associated with greater symptom severity in the first week
of injury [138] and at 1 month post-injury [139]. In contrast, lower frontal CBF is
associated with greater symptom severity and longer time to recovery the first week
of injury [54], and lower insular perfusion at I month post-injury is associated with
longer recovery times and acute symptom severity [130]. These findings suggest a
possible anterior-to-posterior gradient of perfusion effects, where more frontal ele-
vations in CBF are associated with better outcome. Intriguingly, one study found
evidence that different symptom subtypes correlate with different patterns of CBF
response [138], as disturbances in posterior CBF were correlated with predomi-
nantly somatic complaints, whereas disturbances in frontal CBF were related to
predominantly cognitive complaints.

The ASL literature has focused mainly on the effects of concussion on resting
CBF. However, cerebrovascular reactivity (CVR) is also of substantial interest; this
refers to the ability of blood vessels to alter CBF via changes in vascular tone. These
regulatory mechanisms are highly sensitive to TBI and often show dysfunction after
injury [140, 141]. MRI-based assessments of CVR typically involve the acquisition
of BOLD fMRI during a task that modulates intravascular CO,, which is a potent
vasodilator [142, 143]. The modulation of CO, may be achieved using externally
guided changes in respiration [144] or blended gas delivery systems [145, 146],
with the latter requiring more specialized equipment but providing absolute quanti-
fication of CVR. The manipulation of CO, alters CBF without affecting cerebral
metabolism, and the corresponding changes in BOLD signal can be used to index
CVR. In a recent investigation of acute injury, we examined a cohort scanned in the
first week post-injury, using a respiratory task paradigm [147]. In this study, con-
cussed individuals had an enhanced negative BOLD response to hypocapnic chal-
lenge, which was interpreted as a dysfunctional vasoconstrictive response. More
recently, we showed that significant CVR impairments were only detected in the
first week of injury, but subtler longitudinal changes could be measured up to 1 year
after medical clearance [148]. These findings highlight the presence of subtle but
long-lasting alterations in CVR that are distinct from those seen in resting CBE.

Magnetic Resonance Spectroscopy (MRS)

Magnetic resonance spectroscopy (MRS), which typically refers to proton MRS (‘H
MRS), is used to study neurochemistry in vivo, by quantifying the concentrations of
different cerebral metabolites. This is achieved by using a radiofrequency pulse to
stimulate protons at their resonance frequency and measuring the resulting signal.
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Protons resonate at different frequencies depending on the molecular structure
which they are part of, which produces a spectrum of “shifted” frequencies corre-
sponding to the signal contributions of different molecules. As water is the most
abundant source of protons in the brain, it dominates the spectrum; after subtracting
its signal contribution, we may then localize the spectral peaks of other molecules.
Due to the relatively minor contributions of non-water molecules to the MRS signal,
the spectrum is typically acquired within a single, large voxel region, with averag-
ing over multiple acquisitions to improve signal detection. Afterward, spectral peaks
are identified, and relative metabolite contributions are derived from the areas under
the curve, which are calculated using specialized curve-fitting techniques.

Only a few cerebral metabolites have spectral peaks that are within detectable
ranges and sufficiently resolved from other metabolites, when using conventional
MRS sequences. This includes macromolecules of N-acetyl aspartate (NAA),
creatine (Cr), choline (Cho), and myo-inositol. NAA is found almost exclusively
within neurons, and it is considered a marker of cell integrity, mitochondrial
function, and myelin synthesis [149]. Cr levels are indicative of cellular energy
metabolism [150], while Cho levels are associated with cell membrane synthesis
and breakdown [151]. Myo-inositol is located mainly within glial cells and plays a
role in the regulation of osmotic balance and in membrane synthesis and turnover
[152]. More infrequently, glutamate is investigated, as it is a neurotransmitter that is
released during concussive injury [1], but it is more difficult to reliably detect using
standard MRS protocols. It should also be noted that MRS techniques often fail to
distinguish between chemically similar metabolites that have highly overlapping
spectral peaks; for example, the NAA spectral peak also includes contributions from
N-acetylaspartylglutamate (NAAG). Fig. 3.3e shows representative spectral curves
of control and symptomatic concussed individuals, obtained within the right motor
cortex, with a lower NAA peak seen for the concussed patient.

To date, most of the MRS literature has focused on NAA, as it is the largest peak
of the water-suppressed spectrum and it is highly sensitive to neuropathology.
Reduced NAA levels in more severe TBI are interpreted as a sign of neural loss
[153], whereas concussion-related changes in NAA are thought to reflect reversible
changes in brain physiology. A landmark study with imaging at 3, 15, and 30 days
post-injury found impaired NAA at 3 days post-injury despite symptom resolution
at this time [154], which was related to mitochondrial impairment in a concurrent
animal model study [155]. Individuals without second injury fully recovered at
30 days, whereas those who were re-injured before NAA recovery had more pro-
longed recovery of both symptom and NAA after the second injury. These findings
highlight that NAA is a sensitive marker of post-concussion metabolic derange-
ment, and moreover, incomplete recovery may signify a period of metabolic vulner-
ability, where re-injury leads to protracted recovery. However, subsequent studies
have obtained variable NAA findings, with one reporting elevated NAA in motor
and prefrontal gray matter from 6 days to 6 months post-injury [156], while others
found no significant NAA effects in the corpus callosum from 3 days to 2 months
after injury [157] and in the primary motor cortex from 1 week post-injury to 1 year
after medical clearance [158]. These studies indicate that the NAA response is
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highly variable and depends on cohort demographics and the brain regions
being imaged.

In most studies, the relative metabolite concentrations are used, and interpreta-
tion depends on the reference values of choice; however, there is also some evidence
that standard references such as Cr and Cho may also be affected by brain injury
[159]. While techniques are available to use absolute values, it is unclear which
offers superior sensitivity to concussion outcomes. The second major limitation is
the dependence on localization. For a standard MR protocol, it is prohibitive to test
more than a few regions, and the biomechanics of injury and the spatial distribution
of effects remain largely unknown. Techniques are available that expand the field of
view, such as chemical shift imaging (CSI), but they come at the cost of a reduced
signal-to-noise ratio [160]. In terms of future methodology, MRS techniques that
target other non-hydrogen nuclei have also been under-utilized. In particular, *'P-
MRS is a promising idea, as it is relatively abundant in the brain and can target
membrane phospholipids and high-energy metabolic products, but research has
been largely limited to animal studies [161, 162].

Clinical Utility of Concussion Neuroimaging: Promise
and Challenges

Neuroimaging promises novel insights into the clinical determination of concussive
injury and the management of patient recovery. At present, diagnosis is primarily
based on self-reported symptoms, where the willingness and ability to self-disclose
may be confounded by a variety of sociocultural factors [163—165]. Neuroimaging
findings may help to refine existing diagnostic criteria and to develop low-cost objec-
tive biomarkers supplementing standard clinical assessments. Among individuals
with prolonged symptoms, there is also growing recognition that different clinical
profiles (i.e., predominantly somatic, cognitive, mood, or sleep-related) may corre-
spond to injury “subtypes,” requiring different approaches to patient management
[166]. In this context, neuroimaging may identify biological subtypes, paving the
way toward new evidence-based patient interventions. Relatedly, the determination
of safe return to activities is largely dependent on symptom presentation [2], with
evidence that biological recovery likely extends beyond clinical recovery [167].
Objective imaging data may serve to refine minimal “stand-down” times and to
inform clinicians about individual variability in the course of biological recovery.
Finally, there are concerns about the cumulative effects of repeated concussion on
long-term brain health and cognition [26-28]. In this respect, imaging may provide
objective measures of the biological “dose-response” of concussion on brain tissue,
thereby contributing to guidelines about the relative risk of multiple concussions and
the identification of factors putting individuals at greater risk of long-term
health issues.

At present, however, these clinical applications remain largely unfulfilled. While
MRI has the potential to clarify biological mechanisms of injury and recovery after
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a concussion, its interpretation has been hampered by inconsistent findings between
studies. This is partly because many landmark studies are based on sample sizes of
less than 20, limiting our ability to detect all but the largest effects and, paradoxi-
cally, increasing the risk of overestimating effect sizes for statistically significant
relationships; for a discussion of these issues, see Button et al. [168]. This may be
mitigated by emerging large-scale multisite studies, conducted in civilian, military,
and athlete cohorts [169—171]. Larger samples are only part of the solution, though,
as there is evidence of substantial patient variability in demographic characteristics
and in the features of concussive injury, both clinical and pathophysiological [172].
Studies that do not account for these issues may, at minimum, underestimate effects
of concussion on brain physiology due to unmodeled variance. At worst, combining
groups with differing concussion responses may “cancel out” effects and produce
null findings, irrespective of the sample size.

Given the limited current understanding of how concussion effects vary across
cohorts, more broadly inclusive studies are needed, with comprehensive modeling
of demographic factors in a single cohort (e.g., age, sex, concussion history, pre-
injury physical, and mental health). Variables such as age, sex, and history of con-
cussion have been previously studied but mainly in piecemeal fashion [105, 173,
174], making it difficult to judge their relative importance in concussion outcome.
An important complement to demographic modeling lies in the use of prospective
studies, where pre- and post-injury neuroimaging data are collected, allowing
researchers to directly account for variations in pre-injury brain physiology. In these
studies, large cohorts of high-risk individuals are imaged, e.g., from athlete and
military populations, with follow-up imaging of those who are later concussed. This
has been a growing area of investigation [175-177], but given the challenges of
obtaining sufficient sample sizes, more research is needed. The importance is high-
lighted by a recent study, where we showed that cross-sectional and prospective
MRI analyses of concussion have comparable sensitivity but tend to identify non-
overlapping patterns of brain abnormalities [178]. More broadly, there is a need to
quantify the reproducibility of neuroimaging findings [179]. This includes a need
for replication studies, particularly for earlier findings obtained from small samples,
given the subtle, heterogeneous effects of concussion. Replications should also
draw from different cohorts to determine how widely concussion findings general-
ize, between athlete, military, and civilian injury, different socioeconomic strata,
and differences in pre-injury health status.

Conclusions

As illustrated in this chapter, MRI-based neuroimaging of concussion provides a
powerful technique for investigating the complex changes in brain physiology that
occur after concussion. Neuroimaging findings have validated and expanded upon
previous work using animal models and in vitro studies. They highlight that concus-
sion is a complex, evolving process of injury and recovery, with both acute and
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long-term changes in tissue microstructure, metabolism, and cerebrovascular func-
tion. Moreover, the changes have been linked to neuropsychological and behavioral
symptoms of injury, providing evidence of identifiable biological underpinnings for
these deficits. Interestingly, there is also evidence that physiological changes extend
months to years beyond clinical recovery, although the long-term health implica-
tions are not yet entirely understood. Although we have made a great deal of prog-
ress, there remain major gaps in our understanding, but the emergence of new
imaging techniques and large-scale, multisite studies may accelerate the discovery
process. With these ongoing developments, we hope that neuroimaging will soon
provide us with new advances in evidence-based diagnosis and management of
patients.
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Chapter 4

The Path Toward a Blood Test

for Concussion: A Review of Biofluid
Biomarkers for Concussive

and Subconcussive Brain Trauma

Linda Papa

Introduction

Path Toward a Blood Test for Concussion

Currently, concussion (which is also known as mild traumatic brain injury) is largely
a clinical diagnosis based on injury history, neurologic examination, neuropsycho-
logical testing, and, sometimes, neuroimaging. Brain-specific biomarkers measured
through a simple blood test could complement the clinical evaluation of concussion
and potentially guide management decisions [1-5]. The discovery of biomarkers
that are specific for traumatic brain injury (TBI) is a quest that has been ongoing for
several decades. The pursuit of these elusive markers has been most intense over the
last 10-20 years [6-8]. Early human trials examined only moderate-to-severe TBI
but are now expanding to include injuries on the milder end of the TBI spectrum,
such as concussion and subconcussive injuries. Unlike other organ-based diseases,
where rapid diagnostic tests of serum biomarkers are clinically essential to guide
diagnosis and treatment, such as for myocardial ischemia or kidney dysfunction,
TBI biomarker tests are just beginning to be validated and FDA-approved and are
not currently part of clinical management.

Key features that would make a TBI biomarker clinically useful include (1) a
high sensitivity (produced in the brain) and specificity (low or undetectable in blood
in noninjury states) for brain injury; (2) the ability to stratify patients by severity of
injury (concentration of the biomarker should increase with worsening injury); (3)
the timely appearance in accessible biological fluid such as serum, saliva, or urine;
(4) a well-defined time course; (5) the ability to monitor injury and response to
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treatment; (6) the ability to predict functional outcome; and (7) be easily mea-
sured [8, 9].

The release of substances and potential biomarkers after an injury is not a static
process. Understanding the biokinetic and temporal profile of a biomarker is critical
to understanding the optimal time for measurement. The temporal profile may be
affected by factors such as source of the sample (CSF, blood, urine, saliva), lesion
type (mass lesion such as a hematoma versus more diffuse injury), location of
injury, presence of concomitant intracranial and extracranial injuries (fractures,
solid organ injuries), secondary insults (hypotension, hypoxia), and individual
patient physiology. Ongoing secondary insults may contribute to secondary eleva-
tions in a marker, thereby altering its typical time course. For markers measured in
blood, the level of a biomarker may also reflect the extent of blood-brain barrier
disruption, rather than biomarker expression itself. It may also reflect release from
extracranial sources that are traumatized as part of the injury event. In such a case,
caution must be taken when interpreting levels that do not accurately reflect a brain
injury, such as with S100p [10, 11]. Furthermore, individual physiology and pre-
existing disease states may alter the metabolism or clearance of the biomarker, as
with kidney or liver disease.

The following sections will review the most widely studied proteomic biomark-
ers for mild TBI and concussion in humans. Proteomic biomarkers are often repre-
sented by their neuroanatomic location in the central nervous system including
astroglia (GFAP, S100p) and neuronal cells, with specific areas of the neuron such
as the cell body (UCH-L1) and axon (tau, neurofilament) (Fig. 4.1). Furthermore, a
novel group of promising transcriptomic biomarkers called microRNAs will also be
discussed.

Proteomic Biomarkers

Glial Fibrillary Acidic Protein (GFAP) and Ubiquitin
C-Terminal Hydrolase (UCH-LI)

GFAP and UCH-L1 for Mild-to-Moderate Traumatic Brain Injury

Glial fibrillary acidic protein (GFAP) is a protein found in the astroglial skeleton of
both white and gray brain matter and has been used as a histological marker for glial
cells. Ubiquitin C-terminal hydrolase-LL1 (UCH-L1) is a protein in neurons that are
involved in the addition and removal of ubiquitin from proteins that are destined to
be metabolized and has been used as a histological marker for neurons [12, 13].
Several studies have looked at the specificity of GFAP and UCH-LI to brain
injury. GFAP and UCH-L1 have been shown to distinguish mild and moderate TBI
patients from orthopedic controls and motor vehicle crash controls as well as from
those TBI patients with negative CT scans [11, 14, 15]. In these studies, trauma
control patients were exposed to significant trauma including the
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Fig. 4.1 This figure shows the TBI biomarkers reviewed in this chapter represented by their neu-
roanatomic location in the central nervous system including astroglial (GFAP, S100) and neuro-
nal cells, with specific areas of the neuron such as the cell body (UCH-L1) and axon (tau,
neurofilament)

acceleration—deceleration vectors of motor vehicle collisions and substantial falls.
Both GFAP and UCH-L1 showed a graded response to severity of injury from unin-
jured to orthopedic trauma, to mild and moderate TBI. However, GFAP appears to
be most brain-specific in the setting of polytrauma with substantial extracranial
injuries and fractures [2, 3, 10, 11, 14-16].

The temporal profiles of GFAP and UCH-L1 have also been evaluated in a large
cohort of emergency department trauma patients. GFAP was performed consistently
over 7 days in identifying concussion, detecting traumatic intracranial lesions on
head computed tomography (CT), and predicting neurosurgical intervention [15].
GFAP was detectible in serum within an hour of concussion and remained elevated
for several days after, rendering it a promising contender for clinical use for concus-
sion diagnosis within a week of injury [15]. In contrast, UCH-L1 rose rapidly within
30 minutes of injury and peaked at 8 hours after injury and decreased steadily over
48 hours with small peaks and toughs over 7 days—making UCH-LI a very early
marker of concussion [15].

Both GFAP and UCH-L1 have now been evaluated in several studies to deter-
mine the need for CT scan and neurosurgical intervention in adults with mild-to-
moderate TBI [11, 14, 15, 17-20] and more recently in children [2, 3, 21]. In early
2018, GFAP and UCH-L1 were FDA-approved for clinical use in adult patients
with mild-to-moderate TBI to help determine the need for a CT scan within 12 hours
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of injury [22]. The approval was based on the ability to find lesions on CT scans but
was not approved to diagnose a concussion. Moreover, it was not approved for use
in children.

GFAP and UCH-L1 for Concussion and Subconcussive Brain Injury

CT is the standard imaging modality for assessing damage in TBI during the acute
phase of injury. A CT scan can detect macroscopic traumatic lesions such as skull
fractures, intracranial hematomas, contusions, subarachnoid hemorrhages, and
swelling. However, more subtle injuries associated with mild TBI are often not
detectable by this imaging modality. This discrepancy is evidenced by the lack of
CT abnormalities in most patients with cognitive, physical, and behavioral dysfunc-
tion following a mild TBI. This group of TBI patients therefore represents the great-
est challenge to accurate diagnosis and outcome prediction. Metting et al. found that
mild TBI patients with axonal injury on anatomical MRI, but not CT, had elevated
GFAP levels. Similarly, Yue et al. assessed GFAP in mild TBI patients with a nega-
tive CT scan and found GFAP was able to detect anatomical MRI lesions with an
area under the curve of 0.78 despite the CT scan not showing any lesions [23].
UCH-L1 was not examined in either of these studies.

A significantly understudied group in whom biomarkers are rarely examined
consists of individuals who experience head trauma without any symptoms of con-
cussion. They are often classified as having “no injury” when, in fact, they may
represent milder forms of concussion that do not elicit the typical signs or symp-
toms associated with concussion. Such injuries have been referred to as subconcus-
sive injuries. Emerging data have demonstrated that significant alterations in brain
function can occur in the absence of clinically obvious symptoms following even a
single head trauma [24-26]. The issue of subconcussive trauma has been a particu-
lar concern in groups at high risk of exposure including military personnel [27] and
athletes, as repetitive subconcussive impacts have the potential for long-term delete-
rious effects [26, 28, 29]. To address this deficiency, a recent study evaluated GFAP
and UCH-L1 in subconcussive trauma in a large cohort of children and adult trauma
patients presenting to three level I trauma centers with a Glasgow Coma Scale
(GCS) score of 15 and a normal mental status. The biomarkers were measured at 20
distinct time points in patients with concussive, subconcussive, and nonconcussive
trauma (Fig. 4.2). Although blood levels of both GFAP and UCH-L1 showed incre-
mental increases from body trauma (lowest levels) to head trauma without concus-
sion (higher levels than body trauma), to concussion (highest levels), GFAP was
much better in distinguishing between the groups than UCH-L1. UCH-L1 was
expressed at much higher levels than GFAP in those with nonconcussive trauma,
particularly in children, suggesting that UCH-L1 is either not completely brain-
specific or ultrasensitive to subtle impacts [30]. In athletes, UCH-L1 has shown
elevations in both concussive [31] and subconcussive trauma [32]. However, these
results are not significant in all studies [33, 34].
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Fig. 4.2 Temporal profile of GFAP and UCH-L1 in three groups of trauma patients. (a) Temporal
profile of GFAP and UCH-L1 in body trauma control patients. Means with error bars representing
SEM. (b) Temporal profile of GFAP and UCH-L1 in head trauma control patients. Means with
error bars representing SEM. (¢) Temporal profile of GFAP and UCH-LI in trauma patients with
concussion. Means with error bars representing SEM. GFAP, glial fibrillary acidic protein; UCH-
L1, ubiquitin C-terminal hydrolase. (Reprinted from Papa et al. [30]. With permission from BMJ
Publishing Group Ltd.)

Other Potential Proteomic Biofluid Biomarkers of Concussion

A recent systematic review of biomarkers in sports-related concussion showed that
there have been at least 11 different biomarkers assessed in athletes [5]. Besides GFAP
and UCH-L1, other potential biomarkers include S100p, neuron-specific enolase, tau,
neurofilament, amyloid beta, and brain-derived neurotrophic factor. Some correlate
with number of hits to the head (soccer), acceleration—deceleration forces (jumps, col-
lisions, and falls), post-concussive symptoms, trauma to the body versus the head, and
dynamics of injury [5]. Some of these and other novel markers are discussed below.

S100p

S100p is expressed in astrocytes and helps to regulate intracellular levels of cal-
cium. It is considered a marker of astrocyte injury or death. It can also be found in
cells that are not neuronal such as adipocytes, chondrocytes, and melanoma cells,
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and, therefore, it is not brain-specific [35, 36]. Despite this, S100p is one of the most
extensively studied biomarkers for TBI [4, 5, 37].

Several studies have found correlations between elevated serum levels of S100p
and CT abnormalities in adults and children with TBI [4, 38]. Elevated concentra-
tions of S100p in serum have been associated with an increased incidence of post-
concussive symptoms, problems with cognition, and traumatic abnormalities on
MRI [39-43]. However, there are also a number of studies contradicting these find-
ings [16, 44-46]. Similarly, several studies have shown that serum S100f increases
after concussive [31, 47, 48] and subconcussive brain injury [34, 49, 50]. However,
a few studies have shown poor association with other prognostic parameters [33, 46,
51]. Peripheral sources of S100p complicate its use as a brain-specific marker, par-
ticularly in the setting of polytrauma. S100p has been shown to be elevated in
injured patients with peripheral trauma who have had no direct head trauma [2, 11,
52]. Since many of these results have been inconsistently reproduced, the clinical
value of S1008 in TBI, particularly mild TBI and concussion, is still controversial.

Tau Protein

Tau is an intracellular, microtubule-associated protein that is amplified in axons and
is involved with assembling axonal microtubule bundles and participating in antero-
grade axoplasmic transport [53]. Tau lesions are apparently related to axonal disrup-
tion such as in trauma or hypoxia [54, 55]. After release, it is proteolytically cleaved
at the N and C terminals. In a study by Shaw et al., an elevated level of C-tau was
associated with a poor outcome at hospital discharge in patients with different
severities of closed head injury and with an increased likelihood of an intracranial
injury, as identified on head CT [56]. However, these findings were not reproducible
when C-tau was measured in peripheral blood in those strictly with mild TBI [57].
Two additional studies showed that C-tau was a poor predictor of the presence of
any CT lesions and a poor predictor of post-concussive syndrome [44, 58]. Similarly,
Bulut et al. found total tau (T-tau) differentiated patients with intracranial injury
from those without intracranial injury [59]. However, they were unable to distin-
guish between healthy controls and mild TBI patients without intracranial lesions.

In contrast with the hospital setting, T-tau studies using newer assays in the sport
setting have shown greater promise for detecting mild TBI. In 2014, a study of pro-
fessional hockey players showed that serum T-tau out-performed S-100B and NSE
in detecting concussion at 1-hour after injury and that levels were significantly
higher in post-concussion samples at all times compared with preseason levels [48].
T-tau at 1 hour after concussion also correlated with the number of days it took for
concussion symptoms to resolve. Accordingly, T-tau remained significantly elevated
at 144 hours in players with post-concussive symptoms (PCS) lasting more than
6 days versus players with PCS for less than 6 days [48].

Phosphorylated tau (P-tau) has also been examined as a potential biomarker for
brain trauma. Following TBI, axonal injury is coupled to tau hyperphosphorylation,
leading to microtubule instability and tau-mediated neurodegeneration [60]. P-tau
has been shown to outperform T-tau in distinguishing CT-positive from CT-negative
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cases and identifying patients with poor outcome [61]. Moreover, several months
after TBI, P-tau has been shown to be elevated in TBI patients compared to healthy
controls. The ratio between P-tau and T-tau has shown similar results [61]. High
levels of total and phosphorylated tau have been found in postmortem samples of
TBI patients and athletes [62, 63]. Further study is needed to elucidate the role of
T-tau and P-tau in detecting chronic encephalopathy.

Neurofilaments

Neurofilaments are heteropolymeric components of the neuron cytoskeleton that
consist of a 68 kDa light neurofilament subunit (NF-L) backbone with either
160 kDa medium (NF-M) or 200 kDa heavy subunit (NF-H) sidearms [64].
Following TBI, calcium influx into the cell contributes to a cascade of events that
activates calcineurin, a calcium-dependent phosphatase that dephosphorylates neu-
rofilament sidearms, presumably contributing to axonal injury [65]. Phosphorylated
NF-H has been found to be elevated in the cerebrospinal fluid (CSF) of adults and
children with severe TBI [66, 67]. It remains significantly elevated after a few days
in children with poor outcome and diffuse axonal injury (DAI) on initial CT scan
[67]. Similarly, in a study by Vajtr et al., serum NF-H was much higher in patients
with DAI over 10 days after admission, with highest levels from day 4 to day 10 [68].

In a cohort of professional hockey players who underwent blood biomarker
assessment at 1, 12, 36, and 144 hours after concussion and at return to play, serum
NF-L increased over time and returned to normal at return to play. Also, serum
NF-L levels were higher in players with prolonged post-concussive symptoms [69].
In a group of amateur boxers, serum NF-L concentrations showed elevations
7-10 days after a bout and subsequently decreased following 3 months of rest from
boxing. Levels were also significantly correlated with the number of hits to the head
[69]. Moreover, NF-L has been shown to increase in adult soccer players following
repetitive subconcussive head impacts compared to baseline levels, however only
after 24 hours post-impacts [70]. In contrast, NF-L levels in blood taken at baseline
and at 6 and 14 days post-concussion in contact sport athletes showed no differences
between any of the pre—post-time points [71].

Transcriptomic Biomarkers

MicroRNAs as the Next Generation of Biomarkers
Jor Concussion

The earliest studies of TBI biomarkers were conducted using animal models. These
models have been very helpful in providing histologic and pathophysiologic infor-
mation on potential biomarkers. As a result, the selection of TBI biomarkers has
been based on neuroanatomic location and on mechanisms of injury induced by
trauma, such as neuroinflammation and ischemia.
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A novel set of biomarkers, called microRNAs (miRNA), are now being studied
as the next generation of biomarkers for many diseases and disorders such as cancer,
and cardiovascular and neurodegenerative diseases [72]. miRNAs are small (19-28
nucleotides) endogenous RNA molecules that regulate protein synthesis at the post-
transcriptional level. MiRNAs can be detected in serum and can be an indicator of
disease pathology in neuronal cells. MiRNAs are relatively abundant in biofluids
such as CSF, serum, and urine, are relatively stable at variable pH conditions, and
are resistant to repeated freeze/thaw cycles and enzymatic degradation. Due to these
properties, miRNA has advantages over protein-based markers. The utility of miR-
NAs as diagnostic markers of mild TBI or concussion has recently been explored
[73=77]. In 2016, Bhomia et al. identified specific and sensitive miRNA-based bio-
markers for mild and moderate TBI using real-time PCR methodology [74]. Samples
from human subjects with mild-to-severe TBI were compared to trauma and normal
controls and identified 10 miRNA signatures miR-151-5p, miR-328, miR-362-3p,
miR-486, miR-505*, miR-451, miR-30d, miR-20a, miR-195, and miR-92a.
Moreover, Johnson et al. identified 6 salivary miRNAs with overlapping CSF altera-
tions (miR-182-5p, miR-221-3p, miR-26b-5p, miR-320c, miR-29¢c-3p, and
miR-30e-5p) that distinguished children with TBI from healthy controls [75]. In a
study by the same group, 52 children with concussion had 5 salivary miRNAs
(miR-320c, miR-133a-5p, miR-769-5p, let-7a-3c, and miR-1307-3p) that were
associated with prolonged post-concussive symptoms [76].

More recently, studies have been evaluating the role of microRNA in sports-
related concussion. In one recent study, microRNA biomarkers measured pre- and
post-season in collegiate football players were associated with worsening neurocog-
nitive functioning over the course of a season in those with no concussions [78]. The
study found significant elevations in circulating miRNA measured before the ath-
letic season began and prior to any contact practices. All the players had signifi-
cantly elevated levels compared to non-athlete controls (p < 0.001) indicating the
presence of residual circulating miRNA biomarkers from prior concussive and sub-
concussive impacts [78, 79]. Preseason miRNA levels predicted baseline SAC
scores with very good areas under the curve, the highest being miR-195 (0.90),
miR-20a (0.89), miR-151-5p (0.86) miR-505%* (0.85), and miR-9-3p (0.77). Athletes
who demonstrated worsening neurocognitive function from pre to post-season
showed elevations in concentrations of miRNAs over the same period. The miRNAs
with the most significant increases over the course of the season were miR-505%,
miR-362-3p, miR-30d, miR-92a, and miR-486. Similarly, a study of saliva miRNA
levels from 32 rugby players detected 5 miRNAs (miR-27b-3p, miR-142-3p, let-7i,
miR-107, and miR-135b-5p) at 48-72 hours after sports-related concussion that
correlated with reaction time on ImPACT testing and predicted concussion better
than other protein biomarkers [80].

Based on the important function of miRNA in neurons in the central nervous
system and their association with measures of brain injury in adults and children,
specifically in sports-related injury, this class of biomarkers should be examined
with more vigor in larger cohorts of patients.
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Conclusion

TBI biomarkers measured through a simple blood test have the potential to provide
invaluable information for the management of concussion by facilitating diagnosis
and risk stratification, offering timely information about the pathophysiology of
injury; monitoring recovery; and furnishing opportunities for drug target identifica-
tion and surrogate measures for future clinical trials. In light of their timeliness,
accuracy, and risk stratification potential, biofluid biomarkers with reliable sensitiv-
ity and specificity would be welcomed tools in treating concussion. This is espe-
cially so in settings limited by acute care resources such as in rural settings and
non-hospital environments such as the playing field, battlefield, and primary care
practices. With the first set of TBI biomarkers now FDA-approved to detect CT
lesions in adult patients with mild-to-moderate the potential impact on clinical care
will soon be seen. Additionally, more TBI biomarkers and devices are in queue for
approval. Will these discoveries be incorporated into clinical algorithms and revolu-
tionize clinical care as troponin did for cardiac disease? The final choice will even-
tually rest on the level of evidence, accessibility to testing, ease of use, the clinician’s
comfort with using and interpreting the results, and shared decision-making with
patients and their families.
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Chapter 5

Sport-Related Concussion Guideline
Development: Acute Management
to Return to Activity

Michael G. Hutchison

Introduction

Concussion is recognized as a difficult injury to diagnose and manage, despite
focused research efforts to understand its pathophysiology. Fundamentally, concus-
sion is a clinical syndrome represented by the onset of signs and/or symptoms fol-
lowing direct or indirect head contact, which are caused by the significant rotational
and translational forces exerted on brain tissue during the collision event. One of the
early hallmarks of concussion is that the neurological signs and symptoms from the
trauma’s biochemical forces do not result in macroscopic neural damage. However,
the effects of concussion are not negligible, as they perturb many facets of cellular
and/or physiological function including, but not limited to ionic shifts, metabolic
changes, and impaired neurotransmission [1]. While the basic neurobiology of con-
cussion/mild traumatic brain injury (mTBI) was initially elucidated in animal mod-
els, we have observed an exponential growth of human studies over the last 20 years
corroborating these early findings. Most recently, concussion has been described as
a neurometabolic cascade of events involving bioenergetic challenges, cytoskeletal
and axonal alterations, impairments in neurotransmission, and vulnerability to
delayed cell death and chronic dysfunction [1]. The contributions by researchers
and corresponding knowledge translation activities have motivated healthcare pro-
fessionals to adopt a more conservative approach to the diagnosis and management
of concussion (e.g., “when in doubt, sit them out”), as well as more refined strate-
gies to return an individual recovering from a concussion back to full activities.
The purpose of this chapter is to review the advancements in the acute manage-
ment and return-to-activity principles for an individual sustaining a sport-related
concussion (SRC). I start the chapter with the historical context of concussion, fol-
lowed by describing the development of return-to-activity protocols and key issues,
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along with specific considerations when applying in the sport context. I also acknowl-
edge that return to activity following SRC often includes school and work consider-
ations and discusses the development of guidelines specific to school and work. I
conclude the chapter by highlighting that an interdisciplinary team with concussion
expertise is warranted in certain situations irrespective of return-to-activity goals.

Historical Evolution of Guidelines

The clinical manifestations of concussion in the absence of gross bleeding or focal
parenchymal damage have been known since the tenth century AD when the Arabian
physician Rhazes first defined the condition [2]. Although concussion was first doc-
umented centuries ago, the formulation and guidance of concussion in the sport
setting are in its relative infancy, having been first articulated approximately
50 years ago.

Concussion is a subset of TBI, and the operational definition for diagnosis includes
(1) induced by direct or indirect trauma, (ii) physiological disruption of brain func-
tion, and (iii) behavioral changes (i.e., signs), and/or symptoms. Also, concussion
may include (i) a loss of consciousness (LOC) or (ii) period of post-traumatic amne-
sia (PTA). Numerous authors and organizations have proposed injury severity scales
and return-to-sport recommendations for the management of concussions that
occurred during sport participation. Table 5.1 provides examples of the more

Table 5.1 Summary of frequently referenced sport-related concussion severity scales

Colorado
Medical Society | American Academy | Kelly and Rosenburg
Cantu [6] Guidelines [7] of Neurology [9] [10]
Severe LOC lasting at least | LOC Any LOC either Any LOC either
Grade 3 | 5 minutes brief (seconds) or brief (seconds) or
prolonged (minutes) | prolonged (minutes)
Moderate | LOC lasting less Confusion with | Transient confusion | Transient confusion
Grade 2 | than 5 minutes amnesia No LOC No LOC
No LOC Concussion Concussion
(Amnesia could | symptoms or mental | symptoms or mental
be delayed) status abnormalities | status abnormalities
on examination last | on examination last
more than more than
15 minutes 15 minutes
Mild No LOC but suffers | Confusion Transient confusion | Transient confusion
Grade 1 | from impaired without amnesia | No LOC No LOC
intellectual function | (for at least Concussion Concussion
especially in 20 minutes); no | symptoms or mental | symptoms or mental
short-term memory | LOC status abnormalities | status abnormalities
and interpreting new on examination on examination
information resolve in less than | resolve in less than
15 minutes 15 minutes
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frequently cited SRC severity scales; detailed reviews of scales have been published
elsewhere (see Johnston and colleagues [3] or McCrory [4]). Early severity scales
had neurosurgical underpinnings, as evidenced by their composition being primarily
driven by the duration of LOC and post-traumatic amnesia (PTA) (e.g., Maroon,
Steele, and Berlin [5]; Cantu [6]; Kelly and colleagues [7]). While LOC and PTA
duration are significant outcome predictors in severe brain injury, clinical evidence
has indicated these are not typical features of concussion, and their prognostic value
is inconclusive [8]. Attempts were later made to combine neurosurgical concepts with
symptoms (e.g., American Academy of Neurology [9]; Kelly and Rosenberg [10]).
Still, the subcategories of severity were loosely defined and arbitrary, which made
interpretation and application difficult in practice and with little prognostic value.

In 2001, significant progress was made with the establishment of the Concussion
In Sport Group (CISG) during the initial consensus meeting in Vienna. One of the
key outcomes from the meeting was the first consensus statement, where an attempt
was made to unify the field by providing a consensus definition of concussion with
specified clinical features [11]. An additional key outcome from the initial consen-
sus meeting was the acknowledgment of the limitations and lack of scientific rigor
associated with published scales to date; thus, the CISGs recommended that a mul-
timodality assessment of an individual determines safe return to play rather than
reliance on predetermined scales. The CISG has held an additional four meetings
with corresponding consensus documents [12—15]. Concurrently, various other
institutional [16], sport-specific [17, 18], and professional organization meetings
[19-24] have taken place that have informed clinical practice and prioritized future
SRC research initiatives.

Acute Evaluation

The first attempt to standardize a concussion evaluation within the sporting context
was seen with the Sport Concussion Assessment Tool (SCAT). The first iteration of
the SCAT was developed by a consensus panel using and modifying existing con-
cussion assessment tools [i.e., Standardized Assessment of Concussion [25] and
Balance Error Scoring System (BESS) [26, 27]] designed to assess an individual’s
immediate awareness and orientation, cognition, balance, and symptoms. More
recent versions of the SCAT have been created and disseminated, which have been
globally adopted. Also, there is a version for the acute phase of injury in children
5-12 years old who are suspected of having an SRC [28], as well as the Concussion
Recognition Tool 5 [29], developed for use by non-medically trained individuals to
assist in identifying and providing basic management of information for suspected
SRC. The SCAT global adoption is likely due to the international composition of
the CISG, diversity of sports and medical professions represented, and support by
many sports organizations such as Hockey Federation (IIHF), Fédération
Internationale de Football Association (FIFA), and the International Olympic
Committee (I0OC) Medical Commission.
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Although tools exist to provide health professionals a framework for concussion
evaluation, in an acute sport setting, the priority of a first responder is to confirm
whether the individual is medically stable (e.g., airway, breathing, and cardiac func-
tioning) and to rule out more serious injuries (e.g., spinal injury or serious form of
TBI). Once this is established, the health professional needs to determine whether
the individual meets the diagnostic criteria of concussion: (1) sufficient mechanism
(i.e., acceleration/deceleration forces to produce brain trauma) and (2) symptoms,
signs (e.g., loss of consciousness, vacant look, motor incoordination, or balance
problems), or alteration in mental status. This apparent simple task is arguably one
of the most complicated decisions made by the sports medicine team. Certain sports
have a limited number of substitutions per game, and thus, evaluations are time-
limited. Also, empirical investigations of the multimodal SCAT in the acute setting
have highlighted that symptoms are the best discriminatory element for concussion
[30-32], however, a motivated athlete may minimize symptoms in hopes of return-
ing to play, or the clinician may have difficulty differentiating exertional-related
symptoms from suspected concussion. Furthermore, a well-documented phenome-
non is that symptoms are not always immediately apparent and take minutes to
hours to appear [33]. However, the evaluation of a suspected concussion in the days
or even weeks following the event has its own set of challenges for clinicians.
Confirming a sufficient mechanism without video evidence of the event and time
course of symptoms and behavioral changes suffers from recall bias and incomplete
information at times. Additionally, it has been recognized that the diagnostic utility
of the SCAT declines significantly at 3—5 days following injury [34].

There are unique complexities and issues to the clinical setting for a suspected
concussion; however, the general guidance for modern concussion management is
the oft-quoted maxim: “when in doubt, sit them out.” There are sound, evidence-
based reasons to support a conservative approach for a suspected concussion. The
first line of evidence is that continuing to be active (“play through,” “work through
symptoms”) in the early stages of the neurometabolic cascade (minutes to hours
after trauma) can prolong recovery time [35]. Additionally, there is a growing body
of literature indicating that even after symptoms have resolved, athletes may experi-
ence subtle cognitive deficits [36-39] or physiological perturbations [40]. It is also
recognized that an athlete who sustains a concussion is at increased risk of suffering
future concussions [41] with potentially more severe physiological consequences
[42, 43]. Finally, there is literature suggesting that the effects of concussion in some
individuals may be deleterious to cognition and mood dysregulation later in life
[44—46], a process that might be related to the frequency of concussive injuries over
time. Collectively, conservative concussion management is well-informed and pru-
dent, and in practical terms, this means that once an individual is diagnosed with a
concussion, they are not medically “cleared” or “recovered from concussion” (i.e.,
able to return to high-risk practice or gameplay) until several clinical thresholds are
met. Present-day conservative concussion management is a significant departure
from some earlier guidelines, as athletes diagnosed with a concussion were previ-
ously permitted to return to the same game or practice under certain conditions.
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Development of Return-to-Activity Protocols

It is now recognized that determination of “recovery” is process-driven, where an
individual is advised to move through a gradual progression of functional capacity,
concluding with a final medical evaluation confirming the successful completion of
all stages. Currently, there is no validated stepwise exercise protocol, but the
accepted essential components of return-to-sport protocols (RTSp) include progres-
sively increasing physical demands with added components of head acceleration,
sensory stimulation, and cognitive burden simulating sport-specific game participa-
tion (and controlled body contact if required). In the first CISG consensus statement
[11], we find the first iteration of a structured and supervised concussion rehabilita-
tion protocol conducive to optimal injury recovery and safe and successful RTSp.
The following stages were identified the following:

. No activity, complete rest. Once asymptomatic, proceed to next level.

. Light aerobic exercise such as walking or stationary cycling.

. Sport-specific training—for example, skating in hockey, running in soccer.
. Non-contact training drills.

. Full contact training after medical clearance.

. Gameplay.

AN AW =

With this stepwise progression, the athlete should proceed to the next level if
asymptomatic at their current level. It was recommended that if any symptoms
occur following an SRC, however, the patient should drop back to the previous
asymptomatic level and try to progress again after 24 h. This means that the most
basic process of concussion recovery can take a minimum of several days. Since the
original graded exertional protocol was proposed almost 20 years ago, empirical
evidence and changes in consensus views have led to the evolution of RTSp strate-
gies. Several organizations have published consensus statements recommending
return-to-activity protocols: American Academy of Pediatrics [22, 47], American
Medical Society for Sports Medicine [21, 22], American Academic of Neurology
[23], and the National Athletic Trainers’ Association [24]. The most cited RTSp
strategies are associated with the CISG consensus documents [11-13, 15, 48]. There
have been three key aspects of RT'Sp guidelines that have evolved substantially over
time: defining and implementing “rest,” the importance of being “asymptomatic,”
and the recommended ways to re-engage and progress in physical activity.

Rest

Historically, the clinical management of concussion has focused on complete rest
following concussion. The objective was physical and cognitive rest until the athlete
was symptom-free, in order to ease discomfort from post-concussive symptoms and
possibly promote recovery by decreasing energy demands on the brain. Although
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well-intentioned, this language was interpreted by many as the recommendation of
a deleterious management approach by advocating isolation or “bedroom jail.”
Observational studies have consistently documented the negative consequences of
inactivity in various pathological conditions [49]. Furthermore, sedentary behavior
following injury/illness is the most consistent risk factor for chronic disability [50],
and prescribed rest may begin to adversely affect the cardiopulmonary and muscu-
loskeletal systems in healthy people within just 3 days [51]. In the larger body of
mTBI literature, it has been noted that inactivity may also exacerbate and/or prolong
recovery in commonly identified comorbidities such as vestibular disorders, mental
health and pain disorders, and chronic fatigue syndrome [49]. Athletes in particular
are vulnerable to the deleterious effects of prolonged rest with respect to physical
deconditioning, as well as the secondary symptoms arising from fatigue and reac-
tive depression [52]. The ambiguity of rest was addressed in the most recent consen-
sus statement, which explicitly noted that there is currently insufficient evidence to
prescribe complete rest; instead, the advice is to encourage patients to become grad-
ually and progressively more active “after a brief period of rest during the acute
phase (24-48 h) after injury” [13].

Asymptomatic

Similar to the concept of rest, the term “asymptomatic™ has created significant con-
fusion and variability in interpretation among clinicians, patients, and researchers.
The term “asymptomatic” was a key component of many earlier RT'Sp guidelines
and a required milestone prior to moving to the next level of recovery. The term
asymptomatic is clearly noted in the frequently cited Cantu [6] and American
Academy of Neurology [9] guidelines; furthermore, many of the earlier iterations of
the CISG RTSp process incorporated the term asymptomatic in their protocol.
Determination of asymptomatic status is generally based on self-reported symptoms
of the individual acquired using a standardized “checklist.” A systematic review of
SRC scales/checklists identified several tools to capture and describe symptoms
[53]. Scales have differed in their terminology used to describe symptoms, as well
as their approach to measurement of specific symptoms (e.g., dichotomously as
“Yes” or “No,” Likert scale) [53]. The description of symptoms following SRC has
been primarily influenced by prior research on the non-sporting head injury popula-
tion [53]. However, asymptomatic status was never operationally defined, and many
health professionals and patients interpreted the term in a literal sense, whereby
there was a requirement for individuals to be “symptom-free” or report an “absence
of symptoms.” Unfortunately, this resulted in many individuals remaining in a
“complete rest” stage for extended periods. Some individuals were also advised not
to progress due to symptoms following exercise, not because of exacerbation of
concussion symptoms but due to exertional-related health status changes. This
became apparent in the literature when researchers reported exertional-related
symptoms among healthy athletic samples following sport participation [53, 54]
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tend to vary with the time and day of measurement, sleep status, emotional status/
depressive symptoms, attitude, motivation, honesty, and the willingness of the indi-
vidual [55-64]. Presently, the measurement of symptoms by standardized checklists
remains a common practice. There remains no gold standard in measuring symp-
toms following concussion; however, the Post-concussion Symptom Scale (PCSS)
included in the SCAT-5 is used globally and frequently cited in the SRC literature.
In an attempt to determine an acceptable level of symptoms to be considered asymp-
tomatic, normative scores have been established to assist management decisions
following SRC [65]. Furthermore, pre-injury or baseline symptom status may be
acquired during preseason medicals or before competitive play when possible in
some high-performance settings. In these baseline assessments, the most recent
SCAT-5 has moved away from “how do you feel right now” to asking athletes to rate
their symptoms based on “how he/she typically feels” [34].

Presently, following an initial period of rest (24—48 h), patients can be encour-
aged to become gradually and progressively more active while staying below their
cognitive and physical symptom exacerbation thresholds (i.e., activity level should
not bring on or worsen their symptoms) [34]. Similar to determining asymptomatic
status, clinical judgment is required to determine the threshold for exacerbation and
whether the symptoms are specific to concussive trauma or comorbid injuries (e.g.,
neck) or the individual’s general health status at the time of assessment. Thus, there
has been a movement away from employing a single metric of symptom severity,
with consideration given to additional approaches that have a patient quantify their
current state as a percentage out of 100 (i.e., normal, healthy state), and then track-
ing their main clinical complaints (e.g., top three symptoms), or even broad symp-
tom categories/subtypes (e.g., somatic, cognitive, affective, oculomotor).

Defining the Do’s and Don’ts of Reengaging in Activity

Early versions of RTSp protocols were vague when referring to the re-introduction
of exercise following the initial period of rest. In the initial Vienna statement [11], it
was suggested that re-introduction of exercises (i.e., Stage 2) be “light aerobic exer-
cise such as walking or stationary cycling”; however, such guidance lacked specifics
to common exercise intervention principles such as frequency, intensity, type, and
duration of activity. In 2016, the re-introduction of exercises was further refined to
“walking, swimming, or stationary cycling, keeping intensity less than 70% maxi-
mum permitted heart rate” [13]. At the University of Toronto, we recommend
patients initially engage in aerobic exercise using a stationary cycle because it
ensures minimal head movement with little burden to the cognitive, oculomotor,
and vestibular systems. Although a pragmatic approach, future studies should iden-
tify whether specific modalities of exercise may be better than others, and ulti-
mately, these findings should be used to inform healthcare professionals.

The optimal period of rest post-SRC remains unknown, but it is now well-
recognized that prolonged rest can be associated with amplified symptoms and
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delayed recovery [50, 66]. In recent years, we have seen the emergence of research
highlighting the beneficial effects of an early introduction of aerobic exercise.
Initially, the utility of aerobic exercise was examined in those with persistent sys-
tems, whereby researchers found a reduction in symptom burden and recovery time
following the use of a standardized sub-symptom exacerbation aerobic exercise
intervention [52]. The biological basis for aerobic exercise in the treatment of con-
cussion includes its ability to improve cortical connectivity and activation [67],
facilitate neuroplasticity [68, 69], and enhance cerebral blood flow and cerebrovas-
cular reactivity [52]. Since the initial work in those with persistent symptoms, we
have seen a consistent increase in studies investigating the use of aerobic exercise
early following injury. In addition, a retrospective covariate balancing propensity
study of acute SRC found early initiation aerobic exercise was associated with faster
full return to sport and school or work [70]. More recently, findings from random-
ized controlled trials have emerged [71-73]. Leddy and colleagues conducted the
first RCT with a large sample size and showed that individualized sub-symptom
threshold aerobic exercise treatment prescribed to adolescents with concussion
symptoms during the first week following SRC increases the speed of recovery and
may reduce the incidence of delayed recovery [74]. This is a promising finding in
the treatment of concussion and could have widespread impact because aerobic
exercise is easily implementable and does not require specialized equipment.
Notwithstanding, most of the evidence has been limited to adolescents with SRC;
therefore, continued research is required to ensure the beneficial effects across dif-
ferent age groups and populations.

Evolution of Return to Activity: Sport

The decision to return an athlete to sport is significant due to the potential risk of
sustaining another concussion or even more serious injury. As noted, the consensus
is that RTSp should occur gradually, initiating with aerobic activity and concluding
with participation in a restricted practice setting (i.e., minimizing risk of head
trauma) [13]; this process should not occur on the same day of injury.

The initial Vienna document was especially notable for incorporating a stepwise
RTSp approach [11]. This framework was consistent in the subsequent consensus
statement (i.e., Prague 2004); however, it was noted “progressive addition of resis-
tance training at steps 3 or 4” [75]. In 2008, the Zurich statement [48] revised Step
2 with the additional guidance of intensity, suggesting aerobic exercise should be
<70% max HR. Also, greater details were provided around functional exercises at
each stage of the RTS strategy and their objectives (e.g., increase heart rate, head
movement, and coordination) [48]. The 2008 version also specified that progressive
resistance training begins in Step 4 [48]. In 2012, Step 1 was changed from “no
activity/physical and cognitive rest” to “symptom-limited activity/daily activities
that do not provoke symptoms” [15]. There was also added emphasis for the recom-
mendation that there should be at least 24 h for each step. Furthermore, in
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concussion cases where clinical recovery extended beyond the expected window
(i.e., 10 days), concussions should be managed in a multidisciplinary manner by
healthcare providers with SRC experience. In the most recent 2016 consensus docu-
ment [13], there were no changes to the steps of the progression; however, the time
window of concussion cases warranting an evaluation by an expert in concussion
was stratified by age group (i.e., >10-14 days in adults and >4 weeks in children).
Finally, language was added that is specific to resistance training, specifying that it
should only be added in the later stages (stage 3 or 4 at the earliest).

Since the implementation of the Vienna consensus RTSp protocol, several orga-
nizations have since modified or developed additional RTSp protocols. Although
most medical professionals have accepted the graded return-to-activity progression
as the standard of care for returning athletes to sport participation, the evidence
justifying the number and components of various levels and steps is lacking.
Therefore, validation of the existing RTSp progressions is still needed. We have
observed a transition from waiting until athletes are asymptomatic, to encouraging
an earlier introduction to aerobic activity, and there is evidence that the latter
approach facilitates recovery [70, 71, 74]. Future research is encouraged to provide
greater details on the type and intensity of exercises throughout the RTSp progres-
sion. For example, it is generally accepted that various steps of the progression
include adding head acceleration, intensity, and cognitive load elements. However,
the specific tasks and exercises that address these various components are not delin-
eated. There is emerging evidence that the introduction of a dual task—the simulta-
neous measurement of motor and cognitive performance—can be altered following
concussion [76-78]. Future studies should explore how this can be incorporated
into an RTSp strategy.

Return to Activity: School

Importantly, RTSp is only one component of the concussion recovery process.
Being able to concentrate and take notes in class, take tests and term examinations,
complete assignments, and remain social are also crucial elements of a student’s
daily life. Although this is an accepted consideration in evaluating many individuals
recovering from an SRC, educational needs (or modifications) have only recently
been recognized. In 2010, the CDC published its initial Heads Up toolkit for schools
(https://www.cdc.gov/headsup/schools), providing an overview of the issues that
schools might face and the types of problems and associated supports that they
might need to provide the returning student [79]. Since that time, several clinicians
and researchers have highlighted the importance of academic support as an essential
component of concussion recovery [80-82]. In 2013 and 2014, we saw medical
organizations such as the American Medical Society for Sports Medicine and the
Canadian Pediatric Society note the importance of a formalized return to school
(RTSc) process [22, 83]. At the 2016 Berlin International Concussion in Sport
Group meeting, a pediatric subgroup was tasked with “What factors must be
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considered in ‘return to school’ following concussion and what strategy or accom-
modations should be followed?”” [84]. The CISG’s first return to school strategy was
recommended in the corresponding consensus statement [13].

Similar to RTSp protocols, despite the lack of evidence-informed guidelines,
there exist several documented protocols that advise a gradual return to school [81,
82, 85-87]. Numerous outstanding questions regarding return to school exist,
including when, at what capacity, and how many levels of progression are advised
in a RTSc protocol. At the University of Toronto, we have adopted a similar approach
to sport for school re-integration. We can describe an individualized return to school
strategy within the following domains of stress: physical, cognitive, and sensory.
The physical domain refers to attendance and duration (e.g., one-class versus half-
day versus full-day) and considerations for participating in activity-based classes
(e.g., physical education/gym classes, field trips, or laboratories). The cognitive
domain considers the individual’s level of cognitive participation or workload, such
as note-taking, assignments, homework, and test-taking. Finally, the sensory domain
considers a student’s ability to tolerate visual and auditory stimuli; therefore, modi-
fications to screen time, group work, music classes, etc., may be necessary and
gradually re-introduced. Further research is needed to validate appropriate recom-
mendations for academic support; however, key components of all return to school
strategies include the following:

* School support personnel: Depending on the school’s resources and size, one or
many individuals should be assigned to efficiently and effectively manage the
return and support processes. This is the initial touch point for the student upon
reporting the concussion, and they allow for initiating and managing an individu-
alized return to school plan.

* Communication: A key facet in a successful return to school plan is clear com-
munication among the healthcare provider, family, and school. This often takes
the form of a written note or the completion of a predefined form by the health-
care provider to parents and the school. These recommendations should be con-
sidered by the school, although they are not obligatory until the educational
expert(s) examine their relevance and capacity for implementation [79]. It is also
necessary to educate parents and patients about symptoms and management
plans and make all teachers interacting with the student aware of the individual-
ized return to school plan.

* [Individualized Re-integration Plan: The return to school plan should be individu-
ally adapted and guided by the injured student’s medical direction and needs.
The individualized plan is a practical educational roadmap to be implemented by
a coordinated school personnel team.

* Monitoring: Recovery from concussion may take weeks; therefore, periodic
evaluations and updates by a healthcare provider will be required, and often, it is
the responsibility of parents to communicate or provide documentation to school
personnel for consideration and to appropriately adjust the RTSc plan.

The RTSc is a central task in caring for an individual recovering from a concus-
sion. Active communication among the healthcare, family, school, and student often
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creates an environment wherein the vast majority of cases will demonstrate a grad-
ual symptom resolution and recovery with positive movement toward full academic
participation. In situations where the recovery process is longer than projected, the
personnel and resources should be in place to make targeted adjustments and accom-
modate the student. Although RTSc guidelines are structured and logical, there is
still need for further research to provide more precise guidance than currently is
recommended in the recent Berlin pediatric concussion statement [84] and other
protocols [85, 86, 88-90].

Return to Activity: Work

The high frequency of concussions in the sport context warrants the development of
RTSp and RTSs protocols. Accordingly, the literature and evidence of best practices
reviewed and summarized in this chapter have focused on youth through university
athlete populations and professional adults, where school and/or sport would be
considered their main activities. However, for many adults who sustain a sport-
related concussion during recreational sport or physical activity, return-to-work
(RTW) is their primary concern.

Many researchers and clinicians view the acute management principles for con-
cussion to be the same, regardless of their level of sport participation [15, 91].
However, there is very little information in the sport medicine literature specific to
RTW protocols; thus, one must look to the larger mTBI literature for recommenda-
tions. General recommendations for progressive return to activities within the work-
place environment include returning to work for half days, then part time, and
finally full time, with progressive adjustment in work tasks according to the cogni-
tive and sensory demands required to accomplish them. A review of the literature
suggests more than half of patients with mTBI return to work by 1 month following
injury, and more than 80% by 6 months [92]. Thus, in addition to general accom-
modation principles, there exist published guidelines for health professionals in
applying the best practices with those showing persistent post-concussion symp-
toms. The Ontario Neurotrauma Foundation provides an exemplary example of
such guidelines [93].

Interdisciplinary Team

The heterogeneity of recovery trajectories following concussion is well-docu-
mented and consistent in both the SRC and general mTBI literature and is evident
in both youth and older adult cohorts. We have seen the CISG consensus documents
evolve, with the most recent version highlighting that the management of individu-
als considered to have persistent symptoms (i.e., >10-14 days in adults and
>4 weeks in children) should involve a multidisciplinary team of healthcare
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providers with experience in treating SRC. We have also observed the development
of dedicated guidelines (e.g., Guideline for Concussion/Mild Traumatic Brain
Injury and Prolonged Symptoms: 3rd Edition for Adults 18+ years of age [93]) for
dealing with individuals with persistent symptoms. What is emphasized in those
with persistent symptoms is that these individuals do not necessarily reflect a single
etiology but rather a constellation of nonspecific post-traumatic symptoms that may
be linked to coexisting and/or confounding factors, or ongoing physiological injury
to the brain.

Given that concussion represents an all-encompassing term for a spectrum of
conditions that have a common primary injury mechanism, we have observed the
emergence of concussion subtypes, such as cognitive, ocular motor, headache/
migraine, vestibular, and anxiety/mood, as well as concussion-associated conditions
such as sleep disturbance and cervical strain [94, 95]. The subtyping approach has
advantages in monitoring and determining symptom exacerbation and provides
directed intervention opportunities. For example, closely monitored active rehabili-
tation programs involving controlled sub-symptom threshold using submaximal
exercise are safe and are beneficial to facilitate recovery, particularly for those with
autonomic instability or physical deconditioning [52]. Also, targeted physical ther-
apy may be recommended for patients with cervical spine or vestibular dysfunction,
while cognitive behavioral therapy and/or pharmacological approaches can be
employed to deal with individuals dealing with persistent mood or behavioral issues.
To date, subtypes have been determined by expert panel/opinion or derived by exist-
ing checklists that are potentially skewed toward certain symptom types due to their
prevalence (i.e., cognitive and somatic symptoms); therefore, it has been recognized
that expanding empirical investigations to include other potential subtypes (e.g.,
autonomic, endocrine, and auditory dysfunction) and applying well designed meth-
odological approaches such as cluster analysis would be advantageous [96] and may
inform future rehabilitation strategies.

Summary

The diagnosis, management, and ultimate decision for medical clearance following
SRC are complex and multifactorial. We have seen the necessity for creating a clini-
cal framework for evaluation, and empirical evidence suggests some of the compo-
nents of the SCAT offer clinical utility in the acute period of concussion (<24 h).
However, given the heterogeneity of clinical presentations and recovery trajectories,
identifying a unified clinical tool that provides all relevant information remains elu-
sive. We have observed progressions in operationalizing and standardizing the pro-
cess for the return-to-activity protocol for sport. More recently, individualized
pathways have been created from adjustments and accommodations for both school
and work. Regardless of the activity (sport, school, or work), the literature is consis-
tent in that prolonged concussion recoveries would benefit from an interdisciplinary
team with experience dealing with SRC to help inform the management process and



5 Sport-Related Concussion Guideline Development: Acute Management to Return... 97

decision-making. Although concussion management has progressed logically and
systematically to best assist the patient, school, and family, the field is still in need
of further evidence to provide more precise, evidence-based guidance and
recommendations.
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Chapter 6
Concussion Evaluation and Neurocognitive
Outcomes

McKyla McIntyre and Mark T. Bayley

Introduction

There are many purposes for conducting concussion assessments, including the rec-
ognition of a potential concussion, confirming diagnosis, ruling out life-threatening
traumatic brain injury, establishing prognosis, developing a focused treatment plan,
and deciding about return to play or usual activity.

Recognition of concussion has classically been a challenge in the sport context,
in part due to conflicting demands including the desire of the athlete (and sometimes
coaches) to return to play, as well as failure to recognize the significance of their
symptoms. In the context of the general population, emergency personnel may also
overlook concussion and mild traumatic brain injury because of lack of training or
the presence of polytrauma, where more obvious orthopedic and life-threatening
injuries may take priority. For these reasons among others, there is a need for a
standardized objective tools that can reliably detect subtle symptoms.

Concussion remains a clinical diagnosis made by an appropriately trained clini-
cian, as there are no validated objective assessments that conclusively make the
diagnosis, and conventional neuroimaging is typically normal in the absence of
superimposed structural pathology. That being said, the focus initially should
include ruling out life-threatening intracranial processes, including subdural or epi-
dural hematoma, skull and neck fractures, and raised intracranial pressure. To do
this, the clinician must establish the mechanism of injury and the progression of
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early symptoms and establish whether urgent neuroimaging is needed using stan-
dard rules such as the Canadian CT head rule.

The next focus, post-diagnosis, is on establishing the prognosis for recovery
and developing an early symptom-focused treatment plan, which requires a
detailed assessment of the various functions that are affected by concussion.
This also has been historically controversial, as many researchers have sought to
identify discrete phenotypes of concussion, yet research to date has not yielded
validated, reproducible, or discrete categories of concussion that are associated
with a typical prognosis. Furthermore, the clinician must contend with the fact
that pre-concussion comorbidities and characteristics, including mental health
and previous concussions, may have a greater impact on the prognosis than the
severity of the most recent concussion itself. Finally, the clinician is faced with
safety concerns surrounding return to activity and, specifically in contact sports,
return to play, which may expose the individual with concussion to significant
risks of re-injury and rare but serious complications such as second-impact
syndrome.

The purpose of this chapter is to provide an overview of the assessment of the
individual at risk of concussion pre-exposure, recognition of the person with sus-
pected concussion, the diagnostic approach to concussion and its associated symp-
toms, and, finally, the neurocognitive/neurophysical examination to determine
readiness to return to usual activities.

The chapter will also present a brief overview of the approach to assessment in
special controversial situations, such as when litigation or compensation is involved,
when severe concomitant pain or mental health issues are present or when there is
evidence of cognitive deterioration.

Baseline or Pre-Exposure Assessment and Testing

It is important to note that pre-exposure assessment or testing is not usually avail-
able in the general population who sustain a concussion. However, the purpose of
pre-exposure or pre-participation assessments when relevant is twofold: first, to
establish the safety for participation for those who had previous concussions and
those who have a pre-existing neurological, musculoskeletal, or other disability
that may increase their vulnerability to the effects of a concussion; and second,
to establish a baseline among individuals in high-risk activities such as military
theater or contact sports, such that in the event that a concussion occurs, the treat-
ing team can determine when recovery has occurred. There are currently no evi-
dence-based guidelines for pre-participation assessment. Concussion is an injury
that is specific to an individual patient and their pre-injury health status, with
often only subtle findings. Baseline or pre-exposure testing has been proposed as
a better way to facilitate recognition and diagnosis; however, as we will discuss,
there remains a number of confounding factors that may undermine the value of
this approach.
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Pre-Participation History and Examination

A number of sports, military, and other industries require an assessment by a trained
clinician prior to participation in play or work. The components of this assessment
should include a history of previous illness and injuries, a neurological and muscu-
loskeletal examination, and, if needed, neuroimaging, cognitive, and/or psychologi-
cal testing [1]. A useful worksheet is available with this reference [2].
Pre-participation History should address the following questions:

(a) Has the player had a previous head injury or concussion (with dates), or history
of increasing recovery time and lower injury threshold? The circumstances of
previous injury should be noted including any medical documentation if possi-
ble, and any neuroimaging findings were completed.

(b) In the event of prior concussion(s), are there residual symptoms, for example,
in the domains of physical (dizziness, headaches, and vision), sleep, emotional
(irritability, changes in mood), and cognitive symptom categories?

(c) Is there residual neck pain from prior injuries, or any other musculoskeletal
injuries?

(d) Is there a history of any relevant neurological or mental health concerns, such
as learning and communication deficits, migraine headaches, attention deficit
hyperactivity disorder, physical disabilities, and/or mental health conditions)?

N.B. Establishing the number of previous concussions may not be straightfor-
ward. Kerr and colleagues [3, 4] noted that there are multiple levels of influence that
may affect disclosure of sport-related concussion and concussion symptoms in gen-
eral. These may include (a) personal factors such as lack of knowledge, internal
pressure, sex, and gender considerations; (b) interpersonal factors such as others’
knowledge and attitudes toward concussion, external pressures, and supports; and
(c) environmental factors, such as access to concussion prevention materials or
sports culture and policy considerations, such as concussion-related legislation.
Among adolescents, the nature and phrasing of questions may also affect disclosure
of previous concussions. One group found that these three questions did not yield
the same estimates of previous number of concussions: “Have you had a concussion
or head injury?” “Have you been knocked out?”” and “Have you had your bell rung
or been dinged?” Indeed, more adolescents endorsed the term having your “bell
rung” or being “dinged” than if they were asked if they had had a concussion [5].
Other authors have highlighted the inconsistency of prior reporting of concussions,
particularly among young males with a greater number of baseline concussions and
those with attention deficit hyperactivity disorder, although they did find 80% con-
sistency among high school students without any of those conditions [6]. Among
professional football players, about 50% of athletes had not reported concussions
[7]. There have been attempts to standardize the approach to identifying concus-
sions, and the Ohio State University TBI Identification Method short form has been
used primarily in adults [8]. Overall, these study findings suggest that clinicians
must be cautious and comprehensive when interviewing these populations and use
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multiple terms to describe concussion that might elucidate subtle concussion events
by encouraging open and comprehensive reporting.

Pre-participation examination should include a neurological examination, par-
ticularly focused on vision including extraocular movements, vestibular examina-
tion, balance, muscle tone bulk, strength, and reflexes.

Pre-participation Neuroimaging may be required in those with a history of mul-
tiple concussions with residual symptoms and neurological signs; however, it is
unnecessary on a routine basis as there are no widely agreed-upon imaging signs or
clinical interpretations thereof. See Chap. 3 for further details.

Role of Baseline Neurocognitive Testing

A number of authors have proposed baseline neurocognitive testing as a method of
improving detection of residual symptoms and signs of concussion, as well as a
strategy for preventing premature return to contact sports, work, or military service.
Several neuropsychological assessments have been identified using pen and paper
type tasks; however, more recently because of the increasing number of participants
in sports, computerized testing has come into favor [9]. These computerized tests
allow for the ability to (a) test multiple athletes simultaneously; (b) administer and
interpret tests in the absence of neuropsychologists; (c) ensure maximally standard-
ized components of test administration; (d) readily use alternative test forms via
randomized presentation of stimuli; (e) quantify reaction time; and (f) take advan-
tage of centralized data repositories for easy comparison with normative data and
secure storage [10]. It is fair to say that there has been controversy about the benefit
of computerized testing, because of the possibility of basing return to play decisions
solely on cognitive testing when athletes are still symptomatic, as well as the intrin-
sic variability in cognitive testing due to factors such as sleep, time of day, and pres-
ence of pain. Furthermore, when used in the context of professional or collegiate
athletes to make decisions, reports of intentionally reducing effort or “feigning
worse” on baseline testing so that if a concussion occurs performance will look
normal exist. These factors should give clinicians pause to the widespread imple-
mentation of these tools. In addition, developers of these tools have a financial
incentive to promote the benefits and de-emphasize the weaknesses of such testing.
Therefore, the reader is cautioned to keep in mind the available evidence for base-
line testing, which remains limited at this point as will be outlined below.

What Is the Evidence for Baseline Computerized Testing?

Table 6.1 reviews the four most common computerized tests below [9]. A closer
look at the psychometric properties of these tools demonstrates that they have only
adequate test—retest reliability, with the Pearson coefficients greater than 0.6. At a
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Table
computerized testing

6.1 Commonly

used  pre-participation

and  post-concussion

107

neurocognitive

Validity and

Computerized test Age sensitivity to
battery Domains studied range | Reliability change
ANAM—Automated | 8 tasks—simple 9to | Test-retest Pearson | Sensitivity to
Neuropsychological | reaction time, code adult | coefficient = 0.79 at | change of 6 to
Assessment Metrics | substitution learning, 7 days and 0.71 at 249% at 24 hours.
tests procedural reaction 198 days Lower at 8 days.
time, math False-positive
processing, matching rates of 16.5%
to sample, code
substitution-delay
simple reaction time,
and go/no-go
Axon Sports/Cogstate | Four tasks-processing | 10 to | Test-retest Sensitivity to
Sports speed [simple adult | Pearson = 0.6 overall. | change of 7 to
reaction time], Highly variable only |48% at 24 hours
attention [choice 5 tasks with Pearson | but diminished by
reaction time] >0.6 and up to 0.94 | eight days with
learning including for some tasks. positive predictive
visual recognition value (PPV) of
memory and working 24%. False-
memory positive rate
28.2%
ImPACT—Immediate | Six tasks—word 5to | Test-retest Pearson | Sensitivity to
Post-Concussion memory, design adult | coefficient 0.23-0.39 | change of
Assessment and memory, Xs and Os, over 45 days but >0.6 | 24—40% at
Aognitive Testing symbol match, color beyond this window | 24 hours and
match, and three worse at 8 days
letters which result in with PPV of only
verbal memory, 50%. Significant
visual memory, false-positive
visual-motor speed, rates
reaction time, and
impulse control
composite scores
Concussion Vital Seven subtests— 10— | Test-retest reliability | Several studies
Signs (CNS-VS) verbal memory, 70 “comparable” to involving ages 7

visual memory, finger
tapping, symbol digit
coding, Stroop test,
shifting attention test,
and continuous
performance test

other measures
though Pearson not
provided

to 19 years. Good
discriminant
validity between
mild and severe
TBI [13]

group level, the tests reveal moderate to large changes, but only during the first
5-7 days post-injury [11, 12]. In a prospective head-to-head study of the three com-
puterized tests below, Nelson and colleagues found that there were statistical differ-
ences evident in the concussed versus control group at 24 hours, but most of these
differences were not statistically significant after eight days [10]. Similarly,
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sensitivity to those who were diagnosed with concussion ranged from 6 to 23.8%
for ANAMs subtests, 7% to 48.6% for Cogstate, and 24 to 39.5% for ImPACT at
24 hours and these diminished at eight days. The overall sensitivity of the IMPACT
instrument was 67.8% at 24 hours. The authors of these papers note that modest
reliability and validity may be explained by other factors: For example, sport-related
concussion is associated with a rapid recovery within the first few hours. It is well
known that cognitive impairment may persist further out from injury; however,
these tests appeared to lack the sensitivity to detect any neurocognitive abnormality.
The authors concluded that the clinical utility of these tools was highest in the first
24 hours.

Another study assessed recovery from concussion in active-duty military ser-
vice members. The sample was divided into those active military personnel classi-
fied as concussed or non-concussed using the ANAM tool [14]. Although the
magnitude of the change did seem to be greater in those considered concussed by
medical personnel, the authors cautioned against the use of the tool in isolation and
suggested that a multidimensional approach for post-deployment screening was
preferable.

Baseline and normative referenced approaches have been proposed as a method
of interpreting the results of the neurocognitive testing outlined above. In other
words, in the absence of baseline data, the question is as follows: Could the assess-
ment scores from individuals with suspected concussion simply be compared to
normal ranges in age-matched controls to support the diagnosis? If normative refer-
enced approaches are as good as baseline referenced approaches, then individuals
could simply be tested after their concussion and compared against normative data,
without going to the trouble of baseline testing. Haran et al. [14] addressed this
question in a sample of individuals in the military using the ANAM tool. The study
found that there was no significant difference between the baseline and norm-
referenced approaches. The two approaches correctly identified nearly the same
percentage of injured service members that had lower post-injury scores. Conversely,
a study using the ANAM found domain-specific advantages of each method; the
baseline comparison method identified 2.6 times more impairment than the norma-
tive comparison method for simple reaction time, while the normative comparison
method identified 7.6 times more impairment than the baseline method for mathe-
matical processing [15]. No significant disagreements were observed in the com-
parison of concussed vs controls with either method. In contrast, using the COGsport
test battery, another study found that the baseline method was slightly more sensi-
tive than the normative method. Both methods had high specificity [16]. Studies
have found differences in sensitivity using the InPACT assessment tool among ath-
letes classified as above average or already abnormal at baseline. They note that
athletes with learning disability or attention deficit hyperactivity disorder (ADHD)
may be useful to test at baseline.

Summarizing the literature and consensus, the Berlin statement regarding con-
cussion in sport indicated that “Baseline or pre-season Neuropsychological testing
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was considered by the panel and was not felt to be required as a mandatory aspect
of every assessment.” [17].

There may be unique athlete populations where baseline testing may be consid-
ered [18]. These populations include the following: selecting youth athletes who
have pre-existing conditions that may impact the interpretation of post-injury test
results, such as a history of previous concussion or learning disorders, which may
impact the interpretation of post-injury test results. Baseline testing is considered as
an optional assessment within the comprehensive concussion protocol, as long as
the medical teams caring for the athletes include experienced healthcare profession-
als who have competency-based training and clinical experience to allow them to
correctly administer and interpret these tests.

Concussion Recognition on the Field or at the Location
of Injury

There is a strong consensus that individuals suspected of having a concussion
should be removed from the game, arena, or workplace immediately, to prevent
further brain injury or complications. However, the rapid pace of sports, workplace
machinery or blasts/explosion, the varying angles of impact to the body and head,
and the difficulty of determining thresholds for concussion injury can make instant
recognition very challenging. A number of tools have been developed that can be
used by coaches, trainers, and emergency personnel to recognize that an individual
has sustained a concussion.

Key Elements of Concussion Recognition Tools

Key elements of concussion recognition tools have been examined in a number of
systematic reviews, and one author reviewed available tools and associated risk of
bias, the objectivity of the reference standard, and the flow and timing of the tools
[19]. It is important to note that the reference or “gold” standard for most of these
recognition tools is the clinical diagnosis of concussion by a physician. The authors
identified and classified tools into the following categories: elicited symptoms and
signs, oculomotor tests, balance tests, and cognitive and multimodal tests. They
used the Quadas-2 and Newcastle-Ottawa instruments to assess risk of bias and
cautioned that the published research suggested most studies were at high risk of
bias, and the overall strength of the evidence examining sideline screening tools
remained low.

Despite these limitations, the authors had some important observations regard-
ing the predictive value of certain symptoms and likelihood of a clinical diagnosis
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of concussion. They warn that estimates of sensitivity vary based on the sport (i.e.,
the pre-test probability of concussion) as some contact sports have higher preva-
lence of concussion. Thus, these estimates must be interpreted in the context of
sports concussion. The presence of dizziness as a symptom had an estimated sensi-
tivity of between 0.65 and 0.85 in sport-related concussion with a specificity of
0.96 [20]. Nausea on the other hand was less sensitive [0.22—-0.65] but did have
high specificity (0.93). Headache had estimates of sensitivity between 0.76 and
0.99 with a specificity of 0.82. Interestingly, the total number of symptoms on the
Sport Concussion Assessment Tool Version 2 had a sensitivity of 0.84 and the
symptom severity score had a sensitivity of 0.75 and was highly specific for con-
cussion. The Maddocks questions were developed to test attention and awareness
of game situation and have been incorporated into other concussion recognition
tools. The Maddocks questions had a range of sensitivity estimates between
0.34-0.75, and the presence or absence of normal orientation had limited value
with the sensitivity of only 0.21 [19].

Cognitive testing for early recognition has also been examined. The elements in
the Standardized Assessment of Concussion (SAC) demonstrated a wide range of
sensitivity values ranging from 0.20 to 0.94, evaluated across several studies sug-
gesting they may not be consistently helpful [21].

Balance tests are another strategy for recognition of the presence of concussion.
The balance error scoring system (BESS) had relatively low sensitivity ranging
from 0.36 to 0.8 as did a modified version estimate at 0.25. Similarly, tandem stance
and tandem gait observations had sensitivity of 0.28 and 0.83, respectively.

Oculomotor testing can also be used for concussion recognition, and the King-
Devick assessment, which had estimates of sensitivity of 0.79-1.0 and high speci-
ficity, suggests that the presence of oculomotor abnormalities may be an important
sign of concussion.

A number of efforts have been made to develop multimodal assessments that
include both physical symptoms and cognitive testing. When combined, some of
these combinations have yielded good sensitivity, including the Sport Concussion
Assessment Tool (SCAT) or the BESS combined with the SAC. The authors high-
lighted that all these studies continue to have limitations including a high risk
of bias.

These tools continue to evolve, and the most commonly used instruments and
content covered are outlined in the table below (Table 6.2). The Concussion
Recognition Tool 5 (CRTS) is the most recent revision of the Pocket Sport
Concussion Assessment Tool 2 that was initially introduced by the Concussion in
Sport Group in 2005. It remains the most used tool in sports [22]. Based on the
evidence, symptom assessments in and of themselves are reasonable strategies for
recognition at the sideline by non-professional trainers; however, the reader is cau-
tioned that if there is any doubt about whether a concussion occurred, the individual
should be removed from the activity as soon as possible.
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Table 6.2 Key Elements of Concussion Recognition Tools
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Recognition tool Target functions | Elements Validity
Symptoms Specific Dizziness Sensitivity (0.65—
symptoms Nausea 0.85) specificity 0.95
Headache Sensitivity (0.22—
0.65) specificity 0.93
Sensitivity (0.76—
0.99) specificity of
0.82.
SCAT—Symptom | Cognitive, Total number severity Sensitivity of 0.84
Inventory physical specificity 0.95-1.0
Sensitivity of 0.75
specificity 0.95-1.0
Maddocks Awareness Knowledge of game and Range of sensitivity
Questions orientation situation estimates between
0.34 and 0.75
Concussion Symptoms, Red flags, signs of balance, Sensitivity of 0.84
Recognition Tool cognition, facial trauma, staring ahead, and highly specific
(version 5) orientation and lying motionless) memory/ | 0.95-1.0
awareness
Standardized Cognitive Number of cognitive tasks for | Sensitivity of 0.20 to
Assessment of attention 0.94 and specificity
Concussion SAC of 0.96
King—Devick test Oculomotor Number scanning Sensitivity of
Eye movement task 0.79-1.0 and high
specificity
Balance Error Balance Balance errors with different Sensitivity 0.36 to
Scoring System challenges 0.8 and specificity
range of 0.71-1.0

Video Review for Recognition of Concussion

Video Review for Recognition of Concussion has been proposed as an option for
recognizing concussive injuries. Video analysis has been used to evaluate suspected
concussion in a number of professional sports [23-26]. A group of experts convened
to develop consensus definitions identifying the following six video signs of con-
cussion: lying motionless, motor incoordination, impact seizure, tonic posturing,
and no protective action-floppy and blank/vacant look [27]. The authors provide
definitions and observational characteristics for each of these signs. These signs
have a variety of estimates of sensitivity among different types of sports. Among
rugby players, the presence of blank/vacant look had a sensitivity of 54%, while the
most specific sign was tonic posturing, with a specificity of 0.99. The rest of the
signs had estimates of 2.8% [impact seizure] to motor incoordination (36.8%). If
any of the six signs were present though, there was a 60.4% sensitivity rate. All of
these signs though have a high specificity estimated at greater than 0.9.
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In conclusion, the Concussion Recognition Tool 5 represents the most well-
established multimodal instrument that includes symptoms, signs, and cognitive
assessments. The addition of video review could potentially offer a promising
approach to improving identification and evaluation of significant head impact events.

The Comprehensive Medical Assessment to Make a Diagnosis
of Concussion

The History of the Injury—Key Elements to Establish
the Diagnosis

Description of the Accident

There are many purposes to asking about the accident. The patient’s description of
the accident helps to establish how much they remember, the mechanism of the
accident and the potential forces at play, initial symptoms and any period of dis-
turbed consciousness, or alteration in mental state. Ideally, it will also establish if
witnesses were present who could corroborate the story. Particularly in the medico-
legal context, the description of the accident helps to establish whether the forces at
play are likely to have been sufficient to create a concussion. The kinematics of
injury likely play a role in concussion risk, as research suggests that adding rota-
tional forces to the flexion and extension forces applied to the head increase the
likelihood of axonal injury and concussion [28]. Blast forces associated with explo-
sion in military theater also can exert forces on the brain and have a similar acute
clinical presentation to other causes of concussion [29-31]. The examiner is encour-
aged to take an open-ended question approach that probes sequentially what hap-
pened. Important prompts include the following: How did you land or what struck
you? Did you have any obvious scrapes, bleeding, or bruising and where were they?
It is important also to establish whether the injury was psycho-traumatic in nature,
for example, in the case of assaults.

Retrograde Amnesia represents the time from last memory until the impact that
caused the concussion. Retrograde amnesia (RTA) is not present in all episodes of
concussion as it rarely occurs without evidence of post-traumatic amnesia. In a
Finnish study, about 24% of individuals with concussion had RTA but only 1.3%
reported RTA without post-traumatic amnesia [32, 33]. It may be helpful in under-
standing the injury trajectory, though.

Post-traumatic Amnesia represents the period of time from the impact until the
individual regains continuous memory for ongoing events, which has been proposed
as an indicator of severity of brain injury. Establishing the duration of PTA can be
challenging when not done immediately after the accident. Furthermore, some indi-
viduals assume that they were unconscious because they cannot remember when
they were only in PTA. It is also possible that people may have some islands of
memory in a sea of amnesia just after the concussion, so it is important to ask the
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patient sequentially what happened and who they remember, whether they remem-
ber the ambulance ride or emergency personnel until they truly regain memory
functioning. The effects of sedative medication or substance use must be considered
in this assessment as they may confound memory formation. Ideally, direct observa-
tions of orientation are most helpful. The abbreviated Westmead Post-Traumatic
Amnesia Scale, the Maddocks Questions in Sports, and the Galveston Orientation
and Amnesia tests all have established normative data for assessing whether an indi-
vidual remains in PTA but have limited usefulness after the person has recovered
[34-36].

Loss of Consciousness

It is important to note that loss of consciousness is not required to establish a diag-
nosis of concussion. Acute symptoms following head trauma may reflect the pres-
ence of acute physiological disruption of brain function even in the absence of loss
of consciousness. Witnesses observing and reporting that the individual experienced
a loss of consciousness is helpful in establishing the diagnosis particularly in the
medical-legal context to confirm diagnosis of mild traumatic brain injury. However,
a number of studies document that there were no differences in cognitive testing
between those with and without loss of consciousness [37].

Early Symptoms and Signs

The most common symptom after concussion is headache; however, it can be
induced by injury to the neck as well. Other important symptoms include dizziness,
nausea, and/or visual distortion; although no individual symptom is diagnostic of
concussion, it is important to assess for these as outlined below under the symptom
inventory. It is also important to ask if witnesses observed any neurological signs
such as seizure/convulsions, balance difficulties, or weakness.

Associated Injuries

It is important to ask about concurrent injuries, especially in the context of poly-
trauma, as they may establish the degree of forces involved, the proximity of forces
to the head, and the risk of other injuries that may exacerbate concussion symptoms
and severity. For example, a period of hypotension or hypoxia associated with poly-
trauma particularly involving chest injuries and hypo-perfusion due to severe bleed-
ing can exacerbate a brain injury [38].

Ruling out Life-Threatening Brain Injury

Adult Assessment The critical priority of the early medical assessment is to rule
out a life-threatening brain injury or intracranial complication requiring neurosurgi-
cal intervention. A number of clinical decision rules exist for this purpose, including
the Canadian CT Head Rule and The New Orleans Criteria. The Canadian CT Head
Rule has been validated extensively. The sensitivity for detecting clinically impor-
tant brain injury and injuries requiring neurosurgical intervention was 100%. The



114 M. Mclntyre and M. T. Bayley

Canadian CT Head Rule for neuroimaging include GCS less than 15 at two hours
post-injury, suspected open or depressed skull fracture, any signs of basal skull
fracture, two or more episodes of vomiting, and age 65 years or older. Other criteria
for brain injury detection include greater than 30 minutes of retrograde amnesia or
dangerous mechanism of injury. Examples of the latter include pedestrian struck by
a motor vehicle, an occupant ejected from a motor vehicle, or a fall from an eleva-
tion of three or more feet or five stairs [39].

Assessment of Children Several age-specific decision rules have been developed
for children. The most commonly used assessments include the PECARN manage-
ment algorithm for children after trauma, CATCH2 (Canadian Assessment of
Tomography for Childhood Head injury), and the CHALICE (Children’s Head
injury Algorithm for the prediction of Important Clinical Events). These tools have
high sensitivity, and they all attempt to reduce unnecessary use of head CT in the
decision-making process as there remains a prominent concern as to the effects of
radiation from CT scans, and the associated risk of cancer in children. These tools
include considerations such as the Glasgow coma scale, signs of diminished arousal,
and nausea and loss of consciousness as part of their decision rules. The specifics
are available online and in references [40].

Evaluation of Pre-Existing Conditions and Risk Factors
Jor Prolonged Concussion Symptoms

The purpose of identifying risk factors for prolonged symptoms is to identify those
who may need either a different approach to management, or an earlier referral to
specialized interprofessional care.

Adult risk factors have not been fully elucidated; however, systematic reviews
have examined those that are at highest risk for prolonged recovery. One of the key
predictors is the number and severity of early concussion symptoms. Older age and
female gender are minimally modifiable risk factors. The clinician should inquire
about pre-existing factors, i.e., previous concussions with associated duration of
recovery for each, pre-existing attention deficit hyperactivity disorder, mental health
disorders including anxiety, depression and substance use disorders, migraine head-
aches, and pain disorders [41-43]. While difficult to elicit in a traditional history,
fear avoidance behavior and coping style are further implicated as predictors of
recovery. Emerging assessment tools may be helpful in identifying those who may
need more supportive approach to an earlier psychological intervention [44—46].
Recently, our group has developed a risk score for persistent concussion symptoms
based on age, pre-existing health care use, and pre-existing mental health, available
at https://kite-uhn.com/tricordrr [47]. Other contextual factors include injuries sus-
tained in motor vehicle accident, and the potential influence of secondary gain
related to litigation or compensation, while a lack of social supports and lower
socioeconomic status appear to influence outcomes as well.
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Pediatric Risk Factors The risk factors for prolonged symptoms among children
have been elucidated and include age (increased risk with increased age), sex
(female), duration of recovery from a previous concussion, high pre-injury symp-
tom burden, high symptom burden at initial presentation, clinical evidence of ves-
tibular or oculomotor dysfunction, personal and family history of mental health
issues or migraines, history of learning or behavioral difficulties, and family socio-
economic status/education. The large-scale 5P study led to the development of a
risk score calculator. This calculator is readily available online at http://
www.5pconcussion.com/en/scorecalculator and utilizes age, sex, duration of previ-
ous concussion symptoms, history of migraine, slow response to questions, BESS
Tandem stance balance testing errors, presence of a headache, sensitivity to noise,
and increased fatigue in the emergency room [48].

Concussion Symptom Inventories

The development of a number of inventories of symptoms provides the clinician
with a rapid means of delineating the different types of presentation of each concus-
sion patient. These inventories can be completed online or using checklists.
Clinicians can then use the inventory to guide their clinical assessment highlighted
below. A number of inventories are embedded in instruments including the SCATS,
the ImPACT computerized testing, and others. Perhaps the two most frequently
used are the SCATS Symptom Inventory and the RiverMead Post-Concussion
Questionnaire (RPQ). Between these, there are differences in the way the symptom
questions are asked and the Likert scale used. The SCAT consists of 22 questions
with a 7-point Likert scale; it is reviewed and updated by the Concussion in Sport
group every 4 years [17]. It is currently in the fifth iteration. The SCAT was devel-
oped for field assessments of sports-related concussions but is used for concussion
in the general population as well. The RPQ debuted in 1995 and was the first mea-
sure of concussion severity. It has 16 questions and a 5-point Likert scale and also
queries premorbid symptom state. The RPQ is more commonly used in neuropsy-
chological research on concussions [49]. Our research suggests the two inventories
yield very similar profiles and information and are highly correlated [50].

Clinical Assessment of Neurophysical Concussion Symptoms

The clinical assessment for concussion involves a thorough review of the neurologi-
cal system, as well as an assessment for life-threatening brain injury or potential
contributors to overall symptom burden including secondary or comorbid diagno-
ses. The general approach after recognition and diagnosis of the concussion is to
assess the nature of the individual symptoms using a focused history and physical
examination relevant to that symptom. Every concussion assessment should include
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the components of the neurological examination, namely cognition/mental status,
cranial nerves, muscle bulk and tone, power, reflexes, sensory examination, coordi-
nation, and gait assessment with functional tests including balance assessment. The
bulk of the neurological examination is typically normal in concussion, but a com-
prehensive approach provides reassurance to the examiner that concurrent neuro-
logical pathology is not missed. Further explanation of portions of the assessment,
including pertinent history and physical examination, will be included in this sec-
tion as they pertain to the concussion patient. Table 6.3 also summarizes key con-
cussion symptoms with associated differential diagnoses, history taking points,
pertinent physical examination maneuvers, and relevant standardized assessments.

Headaches

The International Headache Society has set out criteria for post-traumatic headache
(PTH) attributed to mTBI/concussion. As part of the diagnosis, the headache should
develop within 7 days of a head trauma that otherwise meets the definition of con-
cussion. Post-traumatic headaches may be sub-classified into acute, where head-
ache resolves within 3 months of head trauma, or chronic, where headaches persist
beyond 3 months. In clinical practice, the focus of the headache history is to identify
which headache phenotype that post-traumatic headache most resembles. In other
words, which type of headache experienced in the general population most resem-
bles the post-traumatic headache? It is also important to note prior history of head-
aches, as certain headache disorders are associated with prolonged recovery after
concussion.

(a) History: The post-traumatic headache history should explore symptomatology
of the various headache types, including migraine, tension type, neuralgic, or
cervicogenic. Characteristic features of migraine-type PTH include (1) duration
of 4-72 hours if untreated, (2) at least 2 symptoms out of unilateral, pulsating,
moderate-severe intensity, and aggravation with physical activity, and (3) at
least one of nausea and/or vomiting, or both photophobia and phonophobia.
The migraine-type PTH may be associated with an aura consisting of at least
one fully reversible visual, sensory, or speech symptom, and at least two of
homonymous visual and/or unilateral sensory symptoms, timeline of symptoms
developing gradually over 5 minutes or different symptoms occurring in suc-
cession over more than 5 minutes, and each symptom lasting between 5 and
60 minutes. Characteristic features of tension-type PTH include duration
between 30 minutes and 7 days, at least 2 symptoms out of bilateral location,
pressing/tightening quality, mild-to-moderate intensity, and no aggravation by
routine physical activity, and both of no nausea or vomiting, and no more than
one of photophobia or phonophobia. Cervicogenic headaches are classically
moderate—severe in intensity, with non-throbbing, unilateral quality of pain
without side shift [51]. They typically originate in the cervical region, but may
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(b)

refer to other regions of the head, and they may be exacerbated by cervical
spine range of motion. Neuralgic headaches will typically fall over the distribu-
tion of the greater and/or lesser occipital nerves and may have associated scalp
numbness or paresthesia.

Examination: Examination of the head and neck should begin with general
inspection for scalp wounds or hematomas that may have occurred during acute
injury, as well as head and neck alignment. A complete cranial nerve examina-
tion should be performed, including fundoscopy, to exclude signs of increased
intracranial pressure such as papilledema. Palpation of the head and neck should
include territories of the greater and lesser occipital nerves with Tinel’s test to
assess for neuralgia that may contribute to headaches. Assessment of the tem-
poromandibular joint (TMJ) through palpation and range of motion may also
elicit pain as a headache contributor.

Concurrent Neck Pain

(a)

(b)

History: In addition to the headache history above, neck pain/discomfort should
be specifically assessed, including exacerbating and alleviating factors. Review
of systems should include radicular pain and focal weakness, numbness, or
paresthesia in the extremities.

Examination: Prior to palpation, screening active and passive range of motion
of the cervical spine should be performed to assess for concurrent cervical
sprain or strain injuries, or cervicogenic etiology of headaches. Supine posi-
tioning may be utilized for passive range of motion to facilitate relaxation of the
cervical muscles if the standing examination elicits guarding. Spurling’s test
can be performed if the history suggests cervical radiculopathy. Palpation of
pertinent structures in the cervical spine should include the base of the occiput
and the cervical spinous processes, as well as soft tissues such as the paraspinal
tissues, suboccipital muscles, scalenes, trapezii, and rhomboids. These soft tis-
sue structures are commonly tender in cervical sprain or strain injuries and may
have associated myofascial trigger points.

Sleep Dysfunction

(a)

History: A detailed history of premorbid sleep function may elicit clues as to
the degree of impairment related to concussion. It is relevant to document aver-
age total time in bed and total time asleep, in order to calculate sleep efficiency.
Lifestyle habits such as typical sleep and wake times, exercise, screen time,
caffeine use, and sleep medications should be documented. The history should
also include screening for organic sleep dysfunction such as sleep apnea and
restless legs syndrome (RLS), as well as for triggers of sleep interruption such
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as pain, mood symptoms, or nocturia. Sleep scales that can be used for screen-
ing purposes include the Epworth Sleepiness Scale (ESS) or the Insomnia
Severity Index [52].

Examination: Physical examination for sleep is limited; review of a sleep diary
may be a reasonable substitute for physical maneuvers. In addition, neck cir-
cumference can be measured as a sign of possible obstructive sleep apnea, and
upper airway can be assessed for evidence of stridor.

Fatigue

(a)

(b)

History: Aside from sleep difficulty, the differential diagnosis for fatigue after
concussion includes hormonal dysregulation resulting from pituitary damage.
In addition to fatigue, symptoms of hypothyroidism may include weight gain,
temperature dysregulation, or changes to hair, skin, or nails; symptoms of hypo-
cortisolism may include weight loss, hypotension, or lightheadedness. General
medical conditions such as viral illnesses, malignancy, anemia, liver/renal dys-
function, or malnutrition/B12 deficiency may also contribute to fatigue. Lastly,
fatigue may result from other concussion sequelae such as mood disorders,
which are covered later in this section.

Examination: Note should be made of patient’s body habitus as a clue for over-
all nutritional status. Assessment for peripheral edema may elicit signs of liver
dysfunction, heart failure, or malnutrition. Examination of the neck should
include palpation for cervical lymphadenopathy as may be present in viral ill-
nesses or malignancy, as well as palpation of the thyroid for goiter.

Vision

(a)

(b)

History: Pertinent history features for vision include blurred vision/decreased
acuity, or diplopia with rapid eye movements. Patients may notice symptom
provocation with convergence/near focus, or exacerbation of headaches with
focusing on screens or near objects. Due to their visual symptoms, patients may
report general fogginess, difficulty concentrating, or impaired attention.
Examination: Full visual examination should be performed including pupillary
reaction, acuity, and visual fields. In addition to extraocular movements, which
may elicit diplopia or nystagmus in the concussed patient, saccadic assessment
should be completed. The King-Devick test can be used as a measure of reading-
related eye tracking and saccades [53, 54]. The Vestibular Ocular Motor Screen
(VOMS) can be administered to assess visual movements and the vestibular
ocular reflex (VOR). Cold caloric testing can be performed as an additional test
of the VOR.
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Dizziness

(a)

(b)

History: Key elements of the history include falls related to dizziness or light-
headedness, as well as orthostatic symptoms or presyncope/syncope events.
Review of systems should also include screening for vertigo, as the injury that
led to concussion may provoke otolith dysfunction causing benign paroxysmal
positional vertigo (BPPV).

Examination: For any patient presenting with vertigo, the Dix-Hallpike test
should be completed, as BPPV can be diagnosed clinically; electronystagmo-
gram (ENG) can also be performed by a qualified clinician. In the event of
positional symptoms, baseline and orthostatic vital signs should be considered
to rule out contribution of orthostatic hypotension, bradycardia, or other signs
of dysautonomia [54, 55].

Balance Difficulty

(a)

(b)

History: The history for balance difficulty overlaps with the history for dizzi-
ness as outlined above; visual symptoms such as blurred vision or diplopia may
also exacerbate balance problems. Number of falls and related injuries should
be asked about, as well as any compensatory gait aids or devices needed.
Review of systems should include sensory deficits or coordination problems
that may provide clues for central or peripheral nervous system contributors.
Examination: Focused balance assessments include tandem gait, tandem stance,
and single leg balance (20 seconds per side, per test). A standardized balance
assessment such as the Balance Error Scoring System (BESS) may be utilized
either as a sideline assessment or in the office [53]. Another option is the
Postural Sway Assessment Protocol (PSAP) using a force plate system, which
has been shown to have good test-retest reliability [56]. Coordination testing
including finger-to-nose, heel-to-shin, and rapid alternating movements should
be done to elicit contributing cerebellar dysfunction. The Romberg test should
also be performed to elicit balance difficulty related to proprioceptive dysfunc-
tion. Sensory examination of bilateral feet should be performed including light
touch, pinprick, and proprioception or vibration.

Assessment of Neurocognitive and Psychological
Concussion Symptoms

Mood/Emotional Status

The mental health complications of concussion are extensively dealt with in Chap. 7,
however, to highlight the importance, an overview of the assessment of low mood, and
anxiety follows:
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(a) History: The history should carefully elicit symptoms of depression including
low mood, anhedonia, irritability, emotional lability, and suicidal ideation;
underlying baseline or compensatory substance use is also important. In addi-
tion to general anxiety, screening for post-traumatic stress disorder (PTSD)
should be administered, particularly if the injury occurred in a potentially life-
threatening situation. It is important to note that cognitive assessments can be
confounded by untreated mood disorders and that some of the symptoms such
as poor concentration and focus may also occur due to these conditions.

(b) Assessment tools: The Patient Health Questionnaire 9 (PHQ-9) or Beck
Depression Inventory II (BDI-II) can be used as screens for depression, while
Beck Anxiety Inventory (BAI) or Generalized Anxiety Disorder 7-item scale
(GAD-7) can be used for anxiety [54, 57]. The short Primary Care PTSD Screen
(PC-PTSD) can be used for PTSD [58]. However, these questionnaires have not
been specifically validated for the concussion population [54, 58]. The CAGE
questionnaire (Cut Down, Annoyed, Feeling Guilty, Eye-Opener) and the
Substance Abuse Subtle Screening Inventory (SASSI-3) have been shown to
have good sensitivity >90% in people with TBI when compared to a detailed
diagnostic interview [59, 60].

Neurocognitive Assessment

Cognitive assessment may take a number of forms, including administration of a cog-
nitive screening tool, computerized standardized testing, or a full neuropsychological
evaluation. The most common difficulties reported on clinical interview are attention
and concentration, cognitive processing speed/efficiency, memory, and executive
function [61]. On clinical examination, observation should be made of the patient’s
general appearance (grooming, affect, etc.), as important clues may be gleaned regard-
ing overall function and mood. Any adaptive equipment utilized by the patient, such
as sunglasses to compensate for bright lighting, should also be documented.

Cognitive Screening tools As mentioned above, there are several screening cogni-
tive assessments that can be administered to assess orientation, attention, visuospa-
tial/executive function, language, and memory. Standardized cognitive assessments
that have been developed for the concussion population include the Immediate Post-
Concussion Assessment and Cognitive Test (ImPACT), the Cogstate Computerized
Cognitive Assessment Tool (CCAT), and the Standardized Assessment of Concussion
(SAC) [53]. The ImPACT tool yielded higher sensitivity [79%] as compared to symp-
tom reports, postural control data, or pencil and paper measures in the first 24 hours.

Neuropsychological examination is the most comprehensive form of cognitive
assessment and is administered using standardized paper and pen tasks. N.B. The
purpose of this review is to provide the reader with an overview of the role of neu-
ropsychological assessment, rather than to explain how to perform one, which
requires extensive training and experience in interpreting testing. Neuropsychologists
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are concerned with the assessment, diagnosis, treatment, and/or rehabilitation of
brain psychopathology in the cognitive, behavioral, and emotional domains.
Neuropsychologists will interview the individual, gathering medical history of
developmental milestones, psychosocial history, and previous history of complaints.
They will then coordinate the administration of standardized tests and question-
naires. Some neuropsychologists will also develop a hybrid model with use of the
computerized testing discussed in Sect. 6.2.3 and Table 6.1 above, with additive
paper and pencil tasks.

People with concussion are vulnerable to a number of psychological and emo-
tional disturbances following injury, including but not limited to depression, anxi-
ety, social isolation and loneliness, frustration, anger, and guilt. Whether concurrent
psychological symptoms reflect a response to being injured and/or the pathophysi-
ological consequences of concussions is not clear [62]. Behavioral questionnaires
explore mood lability, irritability, insomnia, anxiety, and depression and reports of
personality changes. There are a number of instruments that may be used. The Beck
Depression Inventory (BDI-II) is a 21-question multiple-choice self-report inven-
tory, one of the most widely used psychometric tests for measuring the severity of
depression. Each answer is scored on a scale value of 0 to 3, where higher total
scores indicate more severe depressive symptoms. The standardized cutoffs are
available [63]. Other questionnaires include multidimensional fatigue inventories,
anxiety measures, and personality inventories. Together, these provide a psycho-
logical picture of the person with concussion but may not provide insights as to
causality of concussion in the genesis of symptoms.

Cognitive testing against normative ranges includes intelligence with estimates
of premorbid functioning and academic achievement. Intelligence testing is divided
into verbal and performance scores that may provide insights into injury to one
particular area of the brain, or evidence of previous learning disability. The exami-
nation will then go on to test sensory perception, motor functions and hand dexter-
ity, attention, memory, auditory and visual processing, language, problem-solving,
planning, organization, and speed of processing [64].

This comprehensive testing provides important insights into the individual with
concussion; however, the assessment can be lengthy and expensive and is therefore
most appropriate when the differential diagnosis is unclear and/or the individual has
pre-existing or comorbid conditions.

Special Concussion Assessment Considerations

Forensic Concussion Assessment

Forensic concussion assessment is sometimes required when questions of causal
relationship exist between the injury and ongoing symptoms or disability. This
occurs in a number of contexts including motor vehicle accidents, personal injury
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litigation, workplace injuries and compensation, eligibility for military compensa-
tion, and disability insurance disputes. One potentially significant contributing fac-
tor is symptom exaggeration [65]. When considering a diagnosis of post-concussion
syndrome, clinicians must systematically evaluate and eliminate the possible contri-
bution of many differential diagnoses, comorbidities, and factors that may cause,
mimic, or maintain self-reported symptoms long after a concussion.

In the above context, the clinician must take a very careful clinical history look-
ing for signs of inconsistency. Particular focus on the mechanism of injury and the
availability of witnesses to validate the injury is critical. Any first responder medical
information can be very helpful in providing observational corroboration. Clinicians
must address the question of “does the resultant injury make sense?”” Histories that
suggest full recall of all events are not typical. Furthermore, the development of
symptoms many days or weeks post-injury is also not typical. The loss of autobio-
graphical memory is also highly unusual. On clinical examination, the observation
of inconsistency between functioning under direct observation compared to when
the individual is unaware of the observer can suggest inconsistent effort or embel-
lishment of clinical signs.

The majority of neuropsychologists routinely use measures of effort [66], and
leading neuropsychology organizations clearly state that measures of effort are an
essential part of a neuropsychological evaluation [67, 68]. One example, the Test of
Memory Malingering (TOMM) presents pairs of words for memorization. At first
glance, the test appears daunting, but even random guessing achieves a 50% rate of
recall on presentation of the words. As such, individuals falling well below the
expected 50% threshold result were able to recognize the correct result and select
the alternative suggesting an attempt to appear worse [69]. In a study by Lange
et al., participants were divided into two groups based on TOMM performance (15
fail, 48 pass). Patients in the TOMM fail group scored higher than those in the
TOMM pass group on measures of symptoms. Furthermore, there were significant
main effects on cognition scores with patients in the TOMM fail group performed
more poorly on the attention, memory, and executive functioning indexes [70].

These findings and others suggest that ideally a detailed interprofessional assess-
ment be completed including neuropsychological assessment with effort testing.

Assessment of the Individual with Multiple Concussions or
Long-Term Symptoms and Question of Chronic
Traumatic Encephalopathy

Chronic traumatic encephalopathy (CTE) is a neurodegenerative disease that is
thought to be caused by repeated exposure to brain trauma [71]. As noted previ-
ously, it is important to understand and estimate the number of previous concus-
sions, as multiple concussions is likely a risk factor. Unfortunately, there are
currently no universally accepted clinical diagnostic criteria for chronic traumatic
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encephalopathy (CTE) that can be applied when a patient is still alive. In its current
form, CTE is considered to be a postmortem neuropathological diagnosis.
Preliminary proposed research criteria for “traumatic encephalopathy syndrome
(TES)” include three core features of CTE: (i) “cognitive,” (ii) “behavioral” (i.e.,
anger dyscontrol), and (iii) “mood” (i.e., depression or hopelessness). These core
features help to define diagnostic “subtypes” or “variants” according to the research
criteria symptoms [72].

The following criteria have been used in the long-term cohort study called
UNITE and are a further elucidation of the research criteria above [73]:

Required Features: Persistence of symptoms for longer than 2 years; no other
neurologic disorder is more likely to account for all the clinical features; history of
head trauma exposure, typically associated with history of concussion, although
may be limited to subconcussive trauma; head trauma exposure is repetitive in
nature; demonstrated progressive course; delayed symptom onset; and self-report or
observer report of cognitive dysfunction, confirmed with objective cognitive decline
documented by results of formal neuropsychological testing.

Supportive Features: Emotional dysregulation includes depression, anxiety, agi-
tation, aggression, paranoid ideation, deterioration of interpersonal relationships,
and suicidality; Behavioral change includes violence, poor impulse control, socially
inappropriate behavior, avolition, apathy, change in personality, and comorbid sub-
stance abuse; Motor disturbance includes bradykinesia, tremor, rigidity, gait insta-
bility, dysarthria, dysphagia, ataxia, and gaze disturbance.

The patient should be observed for these features with concomitant inquiry of
close family and friends. These criteria can help the clinician recognize this syn-
drome, and they are a good initial set to look for the diagnosis of this very challeng-
ing condition.

Conclusions

In summary, concussion remains a clinical diagnosis that is under-recognized and
under-reported in sport and other populations. Although several concussion recog-
nition tools exist, none have been validated to conclusively make the diagnosis, and
conventional neuroimaging is typically normal in the absence of superimposed
structural pathology. It is important to appropriately screen for concussion by
obtaining details of the event in question, including the forces that were involved.
Early diagnostic considerations include ruling out life-threatening sequelae of brain
injury with neuroimaging, and decision tools such as the Canadian CT Head Rule
are available to assist with screening.

The assessment for concussion includes a detailed symptom inventory that can
be conveniently organized into physical, cognitive, and emotional symptoms. There
are a number of concussion symptom inventories that can be used for serial moni-
toring of symptom recovery. The bulk of the neurological examination is typically
normal in concussion, but a comprehensive approach provides reassurance to the
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examiner that concurrent neurological pathology is not missed. The physical exami-
nation can also rule out treatable alternative non-concussion causes of symptoms.

Neurocognitive testing at baseline is of limited value, with the exception of cer-
tain types of at-risk people who have a history of previous concussions, attention
deficit disorder, or learning disorder; it should not be used as the sole determinant
for diagnosing concussion nor for determining readiness for return to play. Similarly,
post-concussion neuropsychological assessments can be lengthy and expensive and
are therefore most appropriate when the differential diagnosis is unclear and/or the
individual has pre-existing or comorbid conditions. The concussion assessment
should be comprehensive and include effort testing when compensation or litigation
is involved.

References

1. McCrory P. Pre-participation assessment for head injury. Clin J Sport Med. 2004;14(3):139-44.

2. McCrory P. Pre-participation assessment for head injury. Clin J Sport Med. 2004;14(3):139-44.
Appendix: Suggested Baseline Assessment Form. Retrieved from: https://journals.lww.com/
cjsportsmed/Fulltext/2004/05000/Preparticipation_Assessment_for_Head_Injury.00006.
aspx#A1-6. Accessed 26 Jan, 2021.

3. Kerr ZY, Register-Mihalik JK, Marshall SW, Evenson KR, Mihalik JP, Guskiewicz
KM. Disclosure and non-disclosure of concussion and concussion symptoms in athletes:
review and application of the socio-ecological framework. Brain Inj. 2014;28(8):1009-21.
https://doi.org/10.3109/02699052.2014.904049.

4. Kerr ZY, Register-Mihalik JK, Kroshus E, Baugh CM, Marshall SW. Motivations associated
with nondisclosure of self-reported concussions in former collegiate athletes. Am J Sports
Med. 2016;44:220-5.

5. McLeod TC, Bay RC, Heil J, McVeigh SD. Identification of sport and recreational activity
concussion history through the pre-participation screening and a symptom survey in young
athletes. Clin J Sport Med. 2008;18(3):235-40.

6. Wojtowicz M, Iverson GL, Silverberg ND, Mannix R, Zafonte R, Maxwell B, Berkner
PD. Consistency of self-reported concussion history in adolescent athletes. J Neurotrauma.
2017;34(2):322-17.

7. Kerr ZY, Register-Mihalik JK, Kay MC, DeFreese JD, Marshall SW, Guskiewicz
KM. Concussion nondisclosure during professional career among a cohort of former National
Football League athletes. Am J Sports Med. 2018;46(1):22-9.

8. Corrigan JD, Bogner J. Initial reliability and validity of the Ohio State University TBI identi-
fication method. J Head Trauma Rehabil. 2007;22(6):318-29.

9. Lynch W. Options for evaluating and tracking pediatric concussion. J Head Trauma Rehabil.
2018;33(5):354-61.

10. Nelson LD, LaRoche AA, Pfaller AY, Lerner EB, Hammeke TA, Randolph C, Barr WB,
Guskiewicz K, McCrea MA. Prospective, head-to-head study of three computerized neuro-
cognitive assessment tools (CNTs): reliability and validity for the assessment of sport-related
concussion. J Int Neuropsychol Soc. 2016;22(1):24-37.

11. Iverson GL, Brooks BL, Collins MW, Lovell MR. Tracking neuropsychologi-
cal recovery following concussion in sport. Brain Inj. 2006;20:245-52. https://doi.
org/10.1080/02699050500487910. (PubMed: 16537266).

12. Iverson GL, Lovell MR, Collins MW. Interpreting change on ImPACT following sport con-
cussion. Clin Neuropsychol. 2003;17:460-7. https://doi.org/10.1076/clin.17.4.460.27934.
[PubMed: 15168911].


https://journals.lww.com/cjsportsmed/Fulltext/2004/05000/Preparticipation_Assessment_for_Head_Injury.00006.aspx#A1-6
https://journals.lww.com/cjsportsmed/Fulltext/2004/05000/Preparticipation_Assessment_for_Head_Injury.00006.aspx#A1-6
https://journals.lww.com/cjsportsmed/Fulltext/2004/05000/Preparticipation_Assessment_for_Head_Injury.00006.aspx#A1-6
https://doi.org/10.3109/02699052.2014.904049
https://doi.org/10.1080/02699050500487910
https://doi.org/10.1080/02699050500487910
https://doi.org/10.1076/clin.17.4.460.27934

13.

14.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Concussion Evaluation and Neurocognitive Outcomes 127

Gualtieri CT, Johnson LG. Reliability and validity of a computerized neurocognitive test bat-
tery, CNS vital signs. Arch Clin Neuropsychol. 2006;21(7):623-43.

Haran FJ, Dretsch MN, Slaboda JC, Johnson DE, Adam OR, Tsao JW. Comparison of
baseline-referenced versus norm-referenced analytical approaches for in-theatre assessment of
mild traumatic brain injury neurocognitive impairment. Brain Inj. 2016;30(3):280-6.

. Schmidt JD, Register-Mihalik JK, Mihalik JP, Kerr ZY, Guskiewicz KM. Identifying impair-

ments after concussion: normative data versus individualized baselines. Med Sci Sports Exerc.
2012;44:1621-8.

. Louey AG, Cromer JA, Schembri AJ, Darby DG, Maruff P, Makdissi M, Mccrory P. Detecting

cognitive impairment after concussion: sensitivity of change from baseline and norma-
tive data methods using the CogSport/axon cognitive test battery. Arch Clin Neuropsychol.
2014;29(5):432-41.

McCrory P, Meeuwisse W, Dvorak J, Aubry M, Bailes J, Broglio S, Cantu RC, Cassidy D,
Echemendia RJ, Castellani RJ, Davis GA. Consensus statement on concussion in sport—the
5th international conference on concussion in sport held in Berlin, October 2016. Br J Sports
Med. 2017;51(11):838-47.

Statement on Concussion Baseline Testing in Canada. Parachute. Accessed 25 Jan, 2021
https://parachute.ca/wp-content/uploads/2019/06/BaselineTestingStatement-Parachute.pdf.
Patricios J, Fuller GW, Ellenbogen R, Herring S, Kutcher JS, Loosemore M, Makdissi M,
McCrea M, Putukian M, Schneider KJ. What are the critical elements of sideline screening
that can be used to establish the diagnosis of concussion? A systematic review. Br J Sports
Med. 2017;51(11):888-94.

Maddocks DL, Dicker GD, Saling MM. The assessment of orientation following concussion
in athletes. Clin J Sport Med. 1995;5:32-5.

Barr WB, McCrea M. Sensitivity and specificity of standardized neurocognitive testing imme-
diately following sports concussion. J Int Neuropsychol Soc. 2001;7:693-702.

Echemendia RJ, Meeuwisse W, McCrory P, Davis GA, Putukian M, Leddy J, Makdissi M,
Sullivan SJ, Broglio SP, Raftery M, Schneider K. The concussion recognition tool 5th edition
(CRTS5): background and rationale. Br J Sports Med. 2017;51(11):870-1.

Bruce JM, Echemendia RJ, Meeuwisse W, et al. Development of a risk prediction model
among professional hockey players with visible signs of concussion. Br J Sports Med.
2018;52(17):1143-8.

Echemendia RJ, Bruce JM, Meeuwisse W, Hutchison MG, Comper P, Aubry M. Can vis-
ible signs predict concussion diagnosis in the National Hockey League? Br J Sports Med.
2018;52(17):1149-54.

Davis GA, Makdissi M, Bloomfield P, et al. International study of video review of concussion
in professional sports. Br J Sports Med. 2019;53:1299-304.

McCrory PR, Berkovic SE. Video analysis of acute motor and convulsive manifestations in
sport-related concussion. Neurology. 2000;54(7):1488-91.

Davis GA, Makdissi M, Bloomfield P, Clifton P, Echemendia RJ, Falvey EC, Fuller GW,
Green G, Harcourt P, Hill T, McGuirk N. International consensus definitions of video signs of
concussion in professional sports. Br J Sports Med. 2019;53(20):1264-7.

Gennarelli TA, Thibault LE, Adams JH, Graham DI, Thompson CJ, Marcincin RP. Diffuse
axonal injury and traumatic coma in the primate. Annals of Neurology: Official Journal of the
American Neurological Association and the Child Neurology Society. 1982;(6):564-74.
Luethcke CA, Bryan CJ, Morrow CE, Isler WC. Comparison of concussive symptoms, cogni-
tive performance, and psychological symptoms between acute blast versus non-blast-induced
mild traumatic brain injury. J Int Neuropsychol Soc. 2011;17(1):36-45.

Kontos AP, Elbin RJ, Kotwal RS, Lutz RH, Kane S, Benson PJ, et al. The effects of combat-
related mild traumatic brain injury (mTBI): does blast mTBI history matter? J Trauma Acute
Care Surg. 2015;79(4 Suppl 2):S146-51.

Dretsch MN, Kelly MP, Coldren RL, Parish RV, Russell ML. No significant acute and subacute
differences between blast and blunt concussions across multiple neurocognitive measures and
symptoms in deployed soldiers. J Neurotrauma. 2015;32(16):1217-22.


https://parachute.ca/wp-content/uploads/2019/06/BaselineTestingStatement-Parachute.pdf

128 M. Mclntyre and M. T. Bayley

32. Paniak C, MacDonald J, Toller-Lobe G, Durand A, Nagy J. A preliminary normative profile of
mild traumatic brain injury diagnostic criteria. J Clin Exp Neuropsychol. 1998;20(6):852-5.

33. Luoto TM, Iverson GL, Losoi H, Wiljas M, Tenovuo O, Kataja A, Brander A, Ohman J. Clinical
correlates of retrograde amnesia in mild traumatic brain injury. Brain Inj. 2015;29(5):565-72.

34. Meares S, Shores EA, Smyth T, Batchelor J, Murphy M, Vukasovic M. Identifying posttrau-
matic amnesia in individuals with a Glasgow coma scale of 15 after mild traumatic brain
injury. Arch Phys Med Rehabil. 2015;96(5):956-9.

35. Maddocks DL, Dicker GD, Saling MM. The assessment of orientation following concussion
in athletes. Clinical Journal of Sport Medicine: Official Journal of the Canadian Academy of
Sport Medicine. 1995;5(1):32-5.

36. Levin HS, O'Donnell VM, Grossman RG. The Galveston orientation and amnesia test: A
practical scale to assess cognition after head injury. J Nerv Ment Dis. 1979;167(11):675-84.
https://doi.org/10.1097/00005053-197911000-00004.

37. Lovell MR, Iverson GL, Collins MW, McKeag D, Maroon JC. Does loss of consciousness
predict neuropsychological decrements after concussion? Clinical Journal of Sport Medicine:
Official Journal of the Canadian Academy of Sport Medicine. 1999;9(4):193-8.

38. McDonald SJ, Sun M, Agoston DV, Shultz SR. The effect of concomitant peripheral injury on
traumatic brain injury pathobiology and outcome. J Neuroinflammation. 2016;13(1):1-4.

39. Stiell IG, Clement CM, Rowe BH, Schull MJ, Brison R, Cass D, Eisenhauer MA, McKnight
RD, Bandiera G, Holroyd B, Lee JS. Comparison of the Canadian CT head rule and the New
Orleans criteria in patients with minor head injury. JAMA. 2005;294(12):1511-8.

40. Easter JS, Bakes K, Dhaliwal J, Miller M, Caruso E, Haukoos JS. Comparison of PECARN,
CATCH, and CHALICE rules for children with minor head injury: a prospective cohort study.
Ann Emerg Med. 2014;64(2):145-52.

41. van der Naalt J, Timmerman ME, de Koning ME, van der Horn HJ, Scheenen ME, Jacobs
B, Hageman G, Yilmaz T, Roks G, Spikman JM. Early predictors of outcome after mild
traumatic brain injury (UPFRONT): an observational cohort study. The Lancet Neurol.
2017;16(7):532-40.

42. Silverberg ND, Gardner AJ, Brubacher JR, Panenka WIJ, Li JJ, Iverson GL. Systematic
review of multivariable prognostic models for mild traumatic brain injury. J Neurotrauma.
2015;32(8):517-26.

43. Mikoli¢ A, Polinder S, Steyerberg EW, Retel Helmrich IR, Giacino JT, Maas Al, van der Naalt
J, Voormolen DC, Von Steinbiichel N, Wilson L, Lingsma HF. Prediction of global functional
outcome and post-concussive symptoms after mild traumatic brain injury: external validation
of prognostic models in the collaborative European NeuroTrauma effectiveness research in
traumatic brain injury (CENTER-TBI) study. J Neurotrauma. 2021;38(2):196-209.

44. Silverberg ND, Iverson GL, Panenka W. Cogniphobia in mild traumatic brain injury. J
Neurotrauma. 2017;34(13):2141-6.

45. Wijenberg ML, Hicks AJ, Downing MG, van Heugten CM, Stapert SZ, Ponsford JL. Relevance
of the fear-avoidance model for chronic disability after traumatic brain injury. J Neurotrauma.
2020;37(24):2639-46.

46. Snell DL, Siegert RJ, Debert C, Cairncross M, Silverberg ND. Evaluation of the fear avoidance
behavior after traumatic brain injury questionnaire. J Neurotrauma. 2020;37(13):1566-73.

47. Langer LK, Alavinia SM, Lawrence DW, Munce SE, Kam A, Tam A, Ruttan L, Comper P,
Bayley MT. Prediction of risk of prolonged post-concussion symptoms: derivation and valida-
tion of the TRICORDRR (Toronto Rehabilitation Institute concussion outcome determination
and rehab recommendations) score. PLoS Med. 2021;18(7):e1003652.

48. Zemek R, Barrowman N, Freedman SB, Gravel J, Gagnon I, McGahern C, Aglipay M, Sangha
G, Boutis K, Beer D, Craig W. Clinical risk score for persistent postconcussion symptoms
among children with acute concussion in the ED. JAMA. 2016;315(10):1014-25.

49. King NS, Crawford S, Wenden FJ, Moss NE, Wade DT. The Rivermead post concussion symp-
toms questionnaire: A measure of symptoms commonly experienced after head injury and its
reliability. J Neurol. 1995;242:587-92.


https://doi.org/10.1097/00005053-197911000-00004

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Concussion Evaluation and Neurocognitive Outcomes 129

Langer L, Comper P, Ruttan L, Inness EL, Kam A, Lawrence D, Tam A, Chandra T, Foster E,
Bayley MT. Can Sport Concussion Assessment Tool (SCAT) symptom scores be converted to
Rivermead Post-Concussion Questionnaire (RPQ) scores and vice versa? Findings from the
Toronto Concussion Study. Frontiers in Sports and Active Living [In press, 2022].

Hall T, Briffa K, Hopper D. Clinical evaluation of cervicogenic headache: a clinical perspec-
tive. ] Man Manip Ther. 2008;16(2):73-80. https://doi.org/10.1179/106698108790818422.
Mosti C, Spiers MV, Kloss JD. A practical guide to evaluating sleep disturbance in
concussion patients. Neurol Clin Pract. 2016;6(2):129-37. https://doi.org/10.1212/
CPJ.0000000000000225.

Broglio SP, Katz BP, Zhao S, McCrea M, McAllister T, CARE Consortium Investigators. Test-
Retest Reliability and Interpretation of Common Concussion Assessment Tools: Findings from
the NCAA-DoD CARE Consortium. Sports Med. 2018 May;48(5):1255-1268. https://doi.
org/10.1007/s40279-017-0813-0. Erratum in: Sports Med. 2018 Mar 26;: PMID: 29138991;
PMCID: PMC5889766.

Craton N, Ali H, Lenoski S. COACH CV: The seven clinical phenotypes of concussion. Brain
Sci. 2017;7(9):119. Published 2017 Sep 16. https://doi.org/10.3390/brainsci7090119
Matuszak JM, McVige J, McPherson J, Willer B, Leddy J. A practical concussion physical
examination toolbox: evidence-based physical examination for concussion. Sports Health.
2016;8:260-9.

Quatman-Yates CC, Lee A, Hugentobler JA, Kurowski BG, Myer GD, Riley MA. Test-retest
consistency of a postural sway assessment protocol for adolescent athletes measured with a
force plate. Int J Sports Phys Ther. 2013;8(6):741-8.

Sandel N, Reynolds E, Cohen PE, Gillie BL, Kontos AP. Anxiety and mood clinical profile fol-
lowing sport-related concussion: from risk factors to treatment. Sport Exerc Perform Psychol.
2017;6(3):304-23. https://doi.org/10.1037/spy0000098.

Guideline for Concussion/Mild Traumatic Brain Injury & Prolonged Symptoms, 3rd Edition,
for Adults Over 18 Years of Age: Chapter 8 Mental Health Disorders https://braininjuryguide-
lines.org/concussion/. Ontario Neurotrauma Foundation. Accessed 8 Aug, 2021.

Ashman TA, Schwartz ME, Cantor JB, Hibbard MR, Gordon WA. Screening for substance
abuse in individuals with traumatic brain injury. Brain Inj. 2004;18(2):191-202. https://doi.
org/10.1080/0269905031000149506.

Ewing JA. Detecting alcoholism: the CAGE questionnaire. ] Am Med Assoc. 1984;252:1905-7.
Covassin T, Elbin RJ. The cognitive effects and decrements following concussion. Open access.
J Sports Med. 2010;1:55-61. https://doi.org/10.2147/0ajsm.s6919, Published 2010 May 12.
Echemendia RJ, Iverson GL, McCrea M, Macciocchi SN, Gioia GA, Putukian M, Comper
P. Advances in neuropsychological assessment of sport-related concussion. Br J Sports Med.
2013;47(5):294-8.

Beck AT, Steer RA, Ball R, Ranieri W. Comparison of Beck depression inventories -IA
and -II in psychiatric outpatients. J Person Asses. 1996;67:588-97. https://doi.org/10.1207/
s15327752jpa670313.

Iverson GL, Schatz P. Advanced topics in neuropsychological assessment following sport-
related concussion. Brain Inj. 2015;29(2):263-75.

Nelson NW, Hoelzle JB, McGuire KA, Ferrier-Auerbach AG, Charlesworth MJ, Sponheim
SR. Evaluation context impacts neuropsychological performance of OEF/OIF veterans with
reported combat-related concussion. Arch Clin Neuropsychol. 2010;25(8):713-23.

Sharland MJ, Gfeller JD. A survey of neuropsychologists’ beliefs and practices with respect to
the assessment of effort. Arch Clin Neuropsychol. 2007;22(2):213-23.

Bush SS, Ruff RM, Troster Al, Barth JT, Koffler SP, Pliskin NH, Reynolds CR, Silver
CH. Symptom validity assessment: practice issues and medical necessity NAN policy & plan-
ning committee. Arch Clin Neuropsychol. 2005;20(4):419-26.

Heilbronner RL, Sweet JJ, Morgan JE, Larrabee GJ, Millis SR. And conference participants
1. American Academy of clinical neuropsychology consensus conference statement on the
neuropsychological assessment of effort, response bias, and malingering. Clin Neuropsychol.
2009;23(7):1093-129.


https://doi.org/10.1179/106698108790818422
https://doi.org/10.1212/CPJ.0000000000000225
https://doi.org/10.1212/CPJ.0000000000000225
https://doi.org/10.1007/s40279-017-0813-0
https://doi.org/10.1007/s40279-017-0813-0
https://doi.org/10.3390/brainsci7090119
https://doi.org/10.1037/spy0000098
https://braininjuryguidelines.org/concussion/
https://braininjuryguidelines.org/concussion/
https://doi.org/10.1080/0269905031000149506
https://doi.org/10.1080/0269905031000149506
https://doi.org/10.2147/oajsm.s6919
https://doi.org/10.1207/s15327752jpa670313
https://doi.org/10.1207/s15327752jpa670313

130 M. Mclntyre and M. T. Bayley

69. Tombaugh TN. The test of memory malingering (TOMM): normative data from cognitively
intact and cognitively impaired individuals. Psychol Assess. 1997;9(3):260.

70. Lange RT, Iverson GL, Brooks BL, Ashton Rennison VL. Influence of poor effort on self-
reported symptoms and neurocognitive test performance following mild traumatic brain injury.
J Clin Exp Neuropsychol. 2010;32(9):961-72.

71. McKee AC, Cantu RC, Nowinski CJ, et al. Chronic traumatic encephalopathy in athletes. J
Neuropathol Exp Neurol. 2009;68:709-35.

72. Montenigro PH, Baugh CM, Daneshvar DH, Mez J, Budson AE, Au R, et al. Clinical sub-
types of chronic traumatic encephalopathy: literature review and proposed research diagnostic
criteria for traumatic encephalopathy syndrome. Alzheimers Res Ther. 2014;6:68. https://doi.
org/10.1186/s13195-014-0068-z.

73. Reams N, Eckner JT, Almeida AA, Aagesen AL, Giordani B, Paulson H, Lorincz MT, Kutcher
JS. A clinical approach to the diagnosis of traumatic encephalopathy syndrome: a review.
JAMA Neurol. 2016;73(6):743-9.


https://doi.org/10.1186/s13195-014-0068-z
https://doi.org/10.1186/s13195-014-0068-z

®

Check for
updates

Chapter 7

Psychological and Mental Health Sequelae
of Concussion: Prevalence, Treatment
Recommendations, Novel Biomarkers,
and Diagnostic Challenges

Amanda K. Ceniti, Sakina J. Rizvi, and Sidney H. Kennedy

Mental Health Following Concussion

The physical and cognitive symptoms that may persist following a concussion are
often compounded by psychiatric symptoms which are unfortunately common post-
injury [1]. Several mental health concerns appear to have an increased prevalence
following concussion: these include major depressive disorder (MDD), suicidality,
anxiety disorders, and post-traumatic stress disorder (PTSD). Their increased prev-
alence post-concussion may be due to a combination of biological and psychosocial
factors (Fig. 7.1). Biological factors include the impact of trauma on brain areas
involved in the pathophysiology of mental illnesses, including disruption to brain
networks and neurotransmitter systems. For example, disruptions to the prefrontal
cortex are common in concussion and may be particularly relevant to the develop-
ment of psychiatric disorders, as these brain areas are important for functioning that
is impaired across mental illnesses including processing rewarding stimuli [2],
decision-making, and cognition [3]. Psychological factors may also contribute,
including the potential experience of trauma at the time of injury, as well as adapta-
tion to changing roles or limitations due to persisting physical or cognitive deficits
associated with the concussion; these role changes may further result in a loss of
identity (e.g., in sport or at work). Finally, social factors may also play a role, includ-
ing situational changes, isolation, and legal or interpersonal issues relating to the
circumstances of the injury [4, 5].

This chapter will discuss the prevalence of and risk factors for various psychiat-
ric disorders following concussion, highlight emerging biomarker research, sum-
marize key considerations for interactions between these conditions, and outline
evidence-based treatment recommendations available for depression and PTSD. The
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Fig. 7.1 Biological, psychological, and social factors that may contribute to the development of
mental health sequelae of concussion

terms “‘concussion” and “mild traumatic brain injury (mTBI)” are frequently used
interchangeably in the literature; when referencing external literature in this chap-
ter, we have applied the terminology used by the original authors. We will focus on
adult populations only; while the literature base has also identified an increased
prevalence of mental health conditions post-concussion in children and adolescents
[6], this is beyond the scope of this chapter.

Prevalence and Clinical Correlates

There is substantial evidence that the prevalence of psychiatric disorders increases
following concussion; this may reflect recurrence of pre-injury disorders or emer-
gent conditions [7, 8]. Conditions with the strongest evidence include mood and
anxiety disorders, as well as PTSD, with limited evidence for increased risk of
eating disorders, somatoform disorder, or psychotic disorders post-concussion
[7, 8].

Depression

The prevalence of MDD following concussion ranges from 20 to 45% [9-12], which
is much greater than the 12-month and lifetime rates seen in the general population
(5% and 11%, respectively) [13]. The time course of MDD following injury is vari-
able, occurring most commonly over the first 6—12 months, but with elevated risk
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persisting for decades following injury [14-16]. Some have proposed that the
increased prevalence immediately following injury is more linked to biological
changes such as the neurochemical cascade that occurs post-injury and has greater
ties to lesion location, whereas MDD that develops months to years following injury
may be more attributed to psychological and social factors [17]. The presence of
depression post-concussion has been associated with decreased quality of life, cog-
nitive impairments, increased post-concussive symptoms, and decreased work pro-
ductivity [18-20].

Suicidality

In addition to the increased risk of depression following concussion, suicide risk
also increases following brain injury. Though it is often associated with psychiatric
disorders, there is an impetus to consider suicidality as an important independent
factor, as it is a cross-cutting entity across multiple illnesses, has been associated
with specific neurobiological and genetic factors, and may require targeted treat-
ment [21, 22]. Furthermore, increased suicide risk post-concussion has been
observed independently of psychiatric history [23].

Though the link between head injuries and suicide in relation to military, veteran,
and athlete populations has attracted the most public attention, recent reports sug-
gest that this elevated risk is present in community samples as well. A longitudinal
cohort analysis of over 200,000 individuals who had sustained a concussion in
Ontario reported a threefold increase in death by suicide over the long term as com-
pared to the population norm [23]. This elevated risk was independent of psychiatric
history or demographic variables. Similarly, a systematic review and meta-analysis
of 17 studies identified an association between concussion and suicide risk in both
military and non-military populations; a history of concussion was found to elevate
risk across the spectrum of suicidality, ranging from suicidal ideation to suicide
attempt and death by suicide [24]. Another longitudinal study reported that suicidal
ideation was commonly endorsed at 3 months post-injury and was present at even
higher rates at the 6-month follow-up [25]. Factors associated with ideation in that
sample included depression, marital status, and mechanism of injury. In a separate
study, severity of injury was found to play a role in suicide risk, as severe TBI was
associated with higher suicide risk than mild TBI and concussion [26].

Increased risk of death by suicide has also been identified in military personnel
and veterans with a history of TBI [27]. Preliminary findings among military per-
sonnel with mTBI suggest that increased anger and depression symptoms may be
mediators of the association between head injury and suicide risk, highlighting
these factors as potential therapeutic targets for reducing suicidality in this popula-
tion [28]. Another study of military personnel reported that the number of previous
TBIs increased suicide risk, after controlling for the effects of PTSD, depression,
and TBI symptom severity [29]. The generalizability of these findings in military
and veteran samples is limited by their predominantly male composition (90-93%),
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particularly given the known sex and gender differences in suicide risk, with higher
rates of death by suicide in men [30], although ideation and attempts are more
prevalent in women [31].

The relationship between concussion and suicide risk in professional athletes is
inconclusive [32, 33]. These conflicting findings may exist because suicide risk is
complex, with numerous risk and protective factors; mixed findings may be due to
the relative contributions of these factors. For instance, connectedness and belong-
ingness are largely thought to be protective factors for suicidality [34, 35], so the
presence of these factors among the professional athletes in this study may have
served to counteract the increased risk afforded by the injury.

Anxiety Disorders

There is limited evidence for increased risk of anxiety disorders following concus-
sion, though results do suggest a subtle increase in risk. One report found a prelimi-
nary association between concussion history and anxiety symptoms among college
students [36]. In a separate study of collegiate athletes, post-concussion depression
and anxiety were predicted by pre-injury depression, emphasizing the importance
of baseline mental health screening among athletes [37].

PTSD

PTSD following concussion has been studied primarily in military and veteran
populations who have sustained a TBI. In a large longitudinal study involving
more than 4000 US army personnel, there was an increased risk of having PTSD
among those who had sustained a TBI: this relationship was observed both 3- and
9 months following their return to the US and remained after adjusting for pre-
deployment psychiatric history [38]. Injury-related factors may play a role in the
clinical symptom presentation of PTSD. For instance, loss of consciousness (LOC)
has been associated with greater avoidance symptoms and poorer quality of life
measures among veterans with PTSD [39]; LOC was also associated with an
increased prevalence of PTSD following mTBI in both servicemember and civil-
ian samples [40, 41]. In a separate study, servicemembers who experienced com-
bat-related mTBI had a significantly higher prevalence of PTSD than those with
non-combat mTBI; this association with injury type was not present with depres-
sion [42].

Risk for PTSD has also been shown to increase in non-military populations: for
example, in one report, PTSD was identified 6 months after mTBI in 27% of indi-
viduals, and was associated with post-concussive symptoms, decreased life satisfac-
tion, functional disability, and cognitive impairments; in this report, pre-injury
psychiatric history was identified as a significant predictor [43]. Athletes who
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sustained a concussion were also found to report more PTSD symptoms than non-
concussed athletes, despite not reporting these symptoms pre-injury [44].

The presence of PTSD post-concussion also appears to be associated with
increased cognitive impairment [45], greater pain intensity [46], poorer psychoso-
cial functioning [47], maladaptive coping [46], and persistent post-concussive
symptoms [48].

Treatment Recommendations

Treatment of the psychiatric symptoms occurring post-concussion is an important
component of long-term management. Though there is substantial variability across
individuals, TBI can result in damage to several neurotransmitter networks, includ-
ing serotonergic, dopaminergic, cholinergic, and noradrenergic systems [5], which
are key in the pathophysiology of psychiatric disorders. Consequently, pharmaco-
logical treatment post-concussion may work by addressing these imbalances.
Treatment of the psychiatric symptoms post-injury may also have the secondary
benefit of improving other co-occurring symptoms. For instance, depression sever-
ity post-injury has been associated with burden of post-concussive symptoms and
cognitive impairment [49], and successful depression treatment following mTBI
has also been linked to improvement in cognitive function [50, 51]. Since sleep
disturbances have been shown to impede functional recovery following mTBI [52],
improvement of sleep by way of successful depression treatment may have a broader
positive impact on recovery. Concurrent treatment of other post-concussive symp-
toms such as headache may also have the secondary impact of improving mood [53].

Unfortunately, whether due to the difficulty in identifying psychiatric comorbidi-
ties following concussion and disentangling them from post-concussive symptoms,
or due to the stigma surrounding seeking help, treatment rates for psychiatric symp-
toms following concussion are low. One study reported that in the first year follow-
ing traumatic brain injury (TBI), only 44% of individuals who developed MDD
received pharmacological or psychological treatment [54]. Recognizing the early
symptoms of psychiatric conditions post-injury is important for treatment, espe-
cially given that resolving psychiatric symptoms may be associated with resolution
of other co-occurring symptoms. The literature on treatment recommendations for
depression and PTSD is summarized below.

Depression

Evidence for effective antidepressant treatment post-concussion is limited, and pub-
lished findings are mixed. The current literature base is heterogeneous, spanning a
wide range of post-injury time periods from the acute post-concussion period to
years post-injury, and often including TBIs of mixed severity [55]. In general, the
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majority of meta-analyses suggest that pharmacotherapy may be effective in reduc-
ing depressive symptoms following injury, particularly medications targeting the
serotonin system [56, 57], though other reviews have found more limited benefit of
antidepressants following TBI [58]. The Ontario Neurotrauma Foundation (ONF)
recommends selective serotonin reuptake inhibitors (SSRIs) as first-line pharmaco-
logical treatments for depression following concussion [4, 59], with sertraline [51,
60, 61] and citalopram [62] specifically showing effectiveness in treating depression
post-injury [14]. Tricyclic antidepressants (e.g., amitriptyline) have also been iden-
tified as a potentially suitable choice following concussion [4, 59], but their side
effect profile, especially in combination with the physical and cognitive symptoms
that often persist post-injury, makes them a less favorable option and a second-line
treatment [4]. Preventative measures have also been investigated; a double-blind
randomized trial of sertraline vs. placebo following TBI found sertraline to be effec-
tive in preventing onset of mood disorders at 24 weeks post-injury, with no deleteri-
ous neuropsychological effects [63].

In selecting an appropriate treatment, it is important to recognize that the clini-
cal profile of MDD following concussion may differ from that of primary MDD
with no injury-related comorbidity. A preliminary report found that, compared to
primary MDD, post-TBI MDD was associated with more severe cognitive impair-
ments, greater levels of hostility and social isolation, and less severe depressive
symptoms [64]. This may be a potential mechanism behind the particular efficacy
of SSRIs post-concussion, as low levels of serotonin have been associated with
aggression, though this relationship is complex [65]. However, at this time there is
no strong evidence that post-concussion MDD requires substantially different
treatment from MDD in other contexts [4]. Indeed, some have argued that those
with mTBI and comorbid MDD may be more similar to individuals in primary
MDD trials than to those in placebo-controlled trials of TBI of mixed severity
[66]. As with all antidepressant treatment, individual patient factors should be
considered when selecting an appropriate intervention; these considerations may
be especially relevant post-concussion, given that additional injury-related symp-
toms may also be present (e.g., cognitive, physical, sleep problems). In general,
there is evidence that individuals with persisting post-concussive symptoms may
be more sensitive to pharmacological side effects [67, 68]. Paroxetine has been
suggested to exacerbate cognitive complaints, so it may be used with caution in
individuals with cognitive impairments post-injury [14]. In addition, there are spe-
cific treatment interventions that may not be appropriate in this population, such
as bupropion, because of a potential increase in seizure risk [69, 70]. Preliminary
work has also demonstrated elevated seizure risk post-TBI among those taking
SSRIs, though it is unclear whether these findings can be attributed to the medica-
tions themselves or the underlying psychiatric conditions for which they were
prescribed [71].

Regarding non-pharmacological interventions, psychotherapy has been recom-
mended as a standalone or adjunctive treatment post-concussion [4]. Cognitive
behavioral therapy (CBT) has been the most frequently studied psychological treat-
ment [57], and there is preliminary evidence to suggest that in-person [72], online
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[73], and telephone-administered [74] forms of CBT may each be effective for
depression following TBI. Some modifications to a CBT program may be needed to
account for cognitive difficulties [4]. There is currently insufficient evidence to
evaluate the effectiveness of other psychological treatments for depression post-
concussion. Neurostimulation treatments have also been investigated for both
depression and PTSD post-concussion, most notably repetitive transcranial mag-
netic stimulation (rTMS) to the dorsolateral prefrontal cortex (dIPFC) [75]. There is
currently insufficient evidence to recommend rTMS as an effective treatment for
depression or PTSD post-concussion, but early reports suggest no adverse safety
outcomes related to the presence of concussion/TBI [75]. Further study is needed to
determine whether existing rTMS treatment protocols can be used effectively or if
tailoring is required for the complex symptom profiles of a post-concussion popula-
tion [75].

PTSD

First-line psychological treatment for PTSD and other anxiety disorders includes
CBT, trauma-focused therapy, and psychoeducation, which are also common rec-
ommendations for primary PTSD [4, 72, 76, 77]. Early investigation of mindfulness-
based stress reduction in veterans with co-occurring PTSD and mTBI has also been
promising, with symptom reduction shown both immediately and after 3 months
and additional improvements shown to cognition [78]. Regarding pharmacological
treatments, first-line options for PTSD following concussion are SSRIs, and the
SNRI venlafaxine has been identified as a second-line treatment [4]. More recently,
hyperbaric oxygen therapy has also been investigated as a potential treatment for
post-TBI PTSD and post-concussive syndrome (PCS) [79-81]. Although eye move-
ment desensitization and reprocessing (EMDR) has been evaluated extensively in
PTSD [82, 83], its evaluation in a post-concussion population is limited [84].
Further, as with depression, preventative treatments may be effective. One report
found that early CBT for individuals with acute stress disorder may be effective in
preventing progression to PTSD following mTBI [85].

Toward Biomarkers of Psychiatric Disorders Post-Concussion

Beyond identifying changes that co-occur alongside psychiatric disorders following
concussion, there is increasing interest in identifying biomarkers that may predict
these psychiatric sequelae before their emergence. Such identification is of great
clinical relevance, as it could lead to targeted follow-up and prevention measures
among individuals identified at highest risk. Preventative treatment has been effec-
tive, as described above using sertraline for MDD [63] and CBT for PTSD [85], and
taking a precision medicine approach to directing these prophylactic treatments
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toward those at highest risk could help to improve care. An emerging literature base
has identified potential biomarkers across several levels of analysis, from genetics
and molecular processes (e.g., inflammation) to neuroimaging. As with primary
psychiatric disorders, there is unlikely to be one single marker with adequate sensi-
tivity and specificity, and multimodal strategies incorporating indicators at multiple
levels of analysis may be more useful [86].

Genetics

Several single nucleotide polymorphisms (SNPs) and other genetic variants have
been associated with neuropsychiatric symptoms following concussion, including
apolipoprotein E (APOE), catechol-O-methyltransferase (COMT), insulin-like
growth factor 1 (IGF-1), and brain-derived neurotrophic factor (BDNF). The latter
is implicated in neuroplasticity and in risk for neuropsychiatric disorders more
broadly and has received particular interest as a potential genetic marker of psychi-
atric sequelae following concussion. One report found that individuals carrying the
T allele of the BDNF Val66Met polymorphism had higher anxiety and depression
scores in the first week following mTBI [87]. This is consistent with a subsequent
study which identified a moderating effect of BDNF genotype on the associations
between mTBI frequency and “brooding,” and between mTBI frequency and cogni-
tive flexibility [88]. Another BDNF SNP (rs1157659) was associated with greater
hippocampal volume among those with mTBI [89]. Given that reduced hippocam-
pal volume has been associated with both MDD [90] and PTSD [91], this may
provide insight into one potential mechanism of psychopathology
post-concussion.

Another promising genetic candidate is the APOE gene, involved in repair fol-
lowing brain injury, and specifically its APOE-e4 allele which has been extensively
associated with risk for age-related diseases including Alzheimer’s disease [92, 93].
The APOE-¢g4 allele has been associated with higher levels of depression, anxiety,
and PTSD symptoms among veterans with a history of mild to moderate TBI [94],
in addition to poorer neuropsychological performance [95] and increased post-
concussive symptoms [96] among veterans with a remote history of mTBI. However,
in a separate study, there was no negative psychiatric or neuropsychological impact
of the APOE-¢4 allele 6 months post-mTBI [97].

Other emerging candidates include the COMT gene, involved in inactivating the
catecholamines dopamine and norepinephrine [98], and IGF-1, a hormone involved
in neuroprotection following TBI. A report from the TRACK-TBI group [99] found
that the COMT Vall158Met polymorphism, linked to greater bioavailability of cate-
cholamines [98], was associated with lower PTSD incidence 6 months post-mTBI,
while a separate report found that specific variants of IGF-1 were associated with
the presence of multiple neuropsychiatric symptoms in acute mTBI [100].
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Inflammatory Markers

Inflammation is a plausible pathogenic mechanism by which psychiatric symptoms
could emerge following a concussion [101], as inflammation is a well-documented
neural response following brain injury [102, 103] and has also been widely associ-
ated with psychiatric disorders [104, 105]. Indeed, there is an emerging literature
base on inflammatory associations with neuropsychiatric symptoms post-
concussion. Among military personnel with mTBI, greater PTSD symptoms have
been associated with increased levels of exosomal interleukin-10 (IL-10) [106] and
tumor necrosis factor-o (TNF-a) [107]. Another report found increased IL-6 and
TNF-a, but not IL-10, among military personnel with high levels of PTSD post-
TBI [108]. Baseline inflammatory markers may be of particular clinical relevance
in early prediction of poor psychiatric outcomes: one report found that elevated
C-reactive protein (CRP) at baseline was associated with increased incidence of
persistent psychological problems 3 months post-mTBI [109]. However, this
inflammation may also persist over the long term and correlate with ongoing psy-
chiatric sequelae: a separate report found that increased plasma IL-10 levels at
6 months were associated with higher PTSD and depression scores at the same
timepoint [110].

Neuroimaging

Significant overlap exists between the regions that are most vulnerable in concus-
sion and those implicated in MDD and PTSD, suggesting a common neurobiology.
While concussion may affect any area of the brain, certain areas are known to be
more susceptible to damage, particularly frontotemporal regions such as the orbito-
frontal cortex (OFC), dIPFC, and amygdala, in part due to their proximity to the
bony protuberances of the skull base [14, 111]. These more vulnerable regions are
also highly implicated in the neurobiology of MDD, PTSD, and other psychiatric
disorders [112, 113]. For instance, the amygdala is involved in processing emo-
tional valence [114], and the OFC is important for reward valuation and inhibitory
control over stress reactivity [115]; both are key regions of the reward system, which
is commonly dysregulated in MDD [116] and are also critical regions implicated in
the hypervigilance and threat discrimination in PTSD [117].

Consistent with the idea of overlapping deficits, structural and functional neuro-
imaging studies of comorbid concussion and depression report worse outcomes in
combined concussion-depression samples as compared to those with concussion
alone. Assessment time post-injury is heterogeneous across these studies, ranging
from 20 days to 10 years, and with variation both within and across studies. The
majority of the studies relate to chronic depression effects, with participants assessed
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over l-year post-injury. Structural neuroimaging studies of comorbid mTBI and
depression using diffusion tensor imaging (DTI) indicate decreased fractional
anisotropy (FA) along the superior longitudinal fasciculus and corpus callosum as
compared to those with mTBI alone [118-120], and functional neuroimaging mea-
sures during cognitive and emotional face matching tasks showed reduced activity
in key regions of depression pathophysiology, including the dIPFC and striatum, as
compared to individuals with mTBI alone [121, 122]. The observed decreases in
functional connectivity could reflect more severe axonal injury among those who
develop MDD following injury, while the decreased task-related activity in the
dIPFC and striatum is consistent with studies among individuals with MDD [123]
and may suggest decreased cognitive control and reward function among those with
MDD post-concussion. Similarly, in the PTSD literature, hyperconnectivity between
the hippocampus and striatum has been identified as a potential neuroimaging bio-
marker for comorbid mTBI and PTSD, suggesting a potential brain mechanism by
which it may be difficult for these individuals to disengage from traumatic memo-
ries [124]. A separate report found a negative correlation between resting-state
functional connectivity of the default mode network (DMN) and severity of PTSD
symptoms [125].

Considerations for Biomarker Research

Many of the markers associated with psychiatric disorders post-concussion have
also been identified as risk markers for these conditions among those without brain
injury; it is unclear whether there are unique factors associated with risk post-
concussion that go beyond risk for these conditions in general. For example, the
BDNF Val66Met polymorphism [126] and the APOE-¢4 allele [127, 128] have also
been extensively studied in relation to psychiatric disorders in non-TBI populations,
though some evidence has been mixed [129]. One way to address this limitation is
through further studies comparing individuals with primary psychiatric diagnoses
(e.g., MDD without concussion history) to those who have both MDD and concus-
sion in order to investigate potential differences in presentation and underlying neu-
robiology; some investigators have already adopted this design [64, 119] and
additional studies are underway [130].

Finally, it is important to consider the feasibility and clinical utility of these mea-
sures; for instance, blood markers may be more feasible and cost-effective to inte-
grate into clinical practice than functional neuroimaging scans which present issues
of both cost and access. Even for the more clinically feasible and cost-effective
measures, however, it is critical to consider individuals’ willingness and attitudes
toward participation: a telephone survey of veterans found that approximately two-
thirds of respondents were not interested in hypothetical genetic testing for PTSD
(62%) or addiction (69%) [131].
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Overlap Between PCS and Psychological Sequelae

In discussing psychological sequelae of concussion, it is important to consider the
potential difficulty in teasing apart post-concussive symptoms from the symptoms
of a psychiatric disorder occurring post-concussion. For instance, sleep distur-
bances, concentration difficulties, and loss of energy or fatigue are not only consid-
ered post-concussive symptoms but are also among the symptoms required to fulfill
a diagnosis of MDD [132]. Similarly, in a study of post-concussion syndrome (PCS)
and PTSD using correspondence analyses, the symptoms reported 3 months follow-
ing mTBI which would traditionally be conceptualized as part of PCS may behave
in a similar way to hyperarousal symptoms of PTSD [48]. Figure 7.2 illustrates the
overlap between commonly used diagnostic criteria for MDD, PTSD, and PCS. This
difficulty in distinguishing between PCS and psychiatric symptoms also raises the
possibility of diagnostic misclassification in the literature. Misclassification may be
more common with brain injury not involving direct contact with the head, which
may not receive adequate diagnosis; for instance, individuals who have experienced
undiagnosed blast-induced concussion may have their symptoms identified as
PTSD, when they may in reality be experiencing persistent PCS.

Further uncertainty stems from whether these post-concussive sequelae are pri-
marily biogenic, triggered by biological changes related to the impact (e.g.,

MDDt PTSD!

* Intrusions (unwanted memories,
flashbacks, nightmares, etc.)

* Appetite or welght.changes. . * Avoidance of traumatic memories or
* Psychomotor slowing or agitation Low mood external reminders

* Suicidality Anhedonia

. . . * Negative alterations in cognition & mood
Feelings of guilt/worthlessness

° Alterations in arousal and reactivity
Sleep disturbances
Concentration difficulties

. Irritability
Loss of energy/fatigue Memory loss

* Headache

° Dizziness
* Intolerance of stress, emotion, or alcohol

PCSS

Fig.7.2 Overlap in diagnostic criteria among MDD, PTSD, and PCS. { Based on DSM-5 criteria;
$ Based on ICD-10 criteria, as PCS was removed in the update from DSM-IV to DSM-5
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inflammation, metabolic dysfunction), or whether they are primarily psychogenic,
occurring due to psychological factors relating to the traumatic event but not spe-
cific to brain injury. Early models proposed that initial post-concussive symptoms
are neurobiologically driven (“physiogenesis”) and that their persistence over the
long term is driven by psychological factors (“psychogenesis”) [133], while later
models support an early role of both neurobiological and psychological factors in
the initial development of these symptoms [134].

This is complicated by the debate surrounding the definition of PCS itself, and
whether it represents a distinct “syndrome” in its own right, or reflects a combina-
tion of cognitive, somatic, and psychological complaints that may present as part of
other unrelated conditions [135]. This debate has been fueled by the lack of consis-
tency in symptom presentation and clustering among individuals identified as hav-
ing PCS [67, 135], and the low specificity of symptoms, given their high prevalence
in non-TBI populations with other medical conditions, as well as in the general
population [134, 135].

There is a lack of consensus about the diagnostic criteria for PCS between
ICD-10 [136] and DSM-IV [137], where similar but distinct criteria may lead to
significantly different prevalence rates: one study reported more than fivefold
greater prevalence of PCS when using ICD-10 criteria as compared to DSM-IV
[138]. The diagnosis of PCS has been deleted from DSM-5, and is replaced by
Major or Mild “Neurocognitive Disorder due to Traumatic Brain Injury,” consisting
of substantially different criteria which center around objectively measured cogni-
tive dysfunction and include other commonly identified affective, somatic, and
behavioral symptoms as “associated features” [132, 135, 139]. Altogether, these
diagnostic criteria have been criticized by some for a lack of clear grounding in
scientific evidence [140], and further study is needed to better understand the diverse
and complex presentation of PCS symptoms as well as their overlap with neuropsy-
chiatric symptoms.

Limitations of Neuropsychiatric Research in Concussion
and Future Directions

Despite the surge of interest in mental health sequelae of concussion, there are sig-
nificant gaps in the literature that hinder progress in understanding the full extent of
interaction between these disorders. Several limitations and future directions are
highlighted below.

First, significant heterogeneity exists within and across studies. Inclusion criteria
are often broad, including individuals of different age ranges, injury histories, and
timeframes post-injury. Including individuals who have sustained their injuries both
weeks ago and decades ago in the same group may limit comparability of the sam-
ple, though growing evidence supports the long-term impact of concussion and
onset of mental health comorbidities years following injury [14, 16]. Furthermore,
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the majority of studies assessing psychiatric consequences of concussion are cross-
sectional, limiting their ability to make causal inferences about the impact of con-
cussion on psychiatric outcomes. For instance, the observations of increased
inflammation or altered brain connectivity among those with psychiatric symptoms
following concussion may reflect co-occurring processes rather than a biomarker
that can predict the onset of these psychiatric symptoms. Future prospective studies
assessing the same cohort longitudinally for long-term mental health outcomes fol-
lowing concussion would provide rich data allowing for the assessment of outcome
trajectories.

Among neurobiological studies, there is also a question of whether the increased
prevalence of psychiatric disorders observed following concussion reflects the
underlying brain mechanisms of injury, other nonspecific physiological responses
to injury, surrounding psychosocial factors relating to the injury, or a combination
of multiple factors. An increasingly common practice to combat this limitation is to
include comparison groups who have sustained a traumatic injury to another part of
the body (e.g., orthopedic injury) to control for any secondary impact of the injury.

In order to better understand the interaction between concussion and psychiatric
conditions, it would be valuable to examine how their combined impact differs from
the presence of either condition alone. The majority of studies compare concussion
with and without the presence of a given psychiatric disorder, whereas further stud-
ies may benefit from including groups with a psychiatric condition but no concus-
sion history to better understand the additive impact of the two conditions.

Conclusion and Recommendations

Mental health consequences of head injuries are unfortunately common, and assess-
ment for psychiatric disorders is a critical component of treating individuals with
post-concussive complaints. Across all disorders, treatments should be selected
based on individual patient needs, comorbid symptoms or diagnoses, symptom
severity, and patient preference [4, 141]. In each of the disorders, there is no strong
evidence to suggest that treatment post-concussion should substantially differ from
current recommended treatments in the absence of concussion/TBI; however, cau-
tion should be used when prescribing medication post-concussion due to the possi-
bility of side effects, so as not to cause or worsen physical or cognitive symptoms
[4]. This means starting at the lowest effective dose and gradually increasing based
on response and tolerability [4]. Regular follow-ups are also required to assess
changes. In addition, since the circumstances surrounding the injury may be com-
plex, it is important to consider other situational or psychosocial factors that may be
contributing to the individual’s symptom presentation (e.g., housing, finance, inter-
personal stressors) and ensure that they are being addressed concurrently with psy-
chiatric treatment [4, 142, 143]. Adopting a holistic view that encompasses
biological, psychological, and social factors will help to optimize treatment out-
comes in this often-complex population.
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The quest for biomarkers of psychiatric conditions following concussion is an
exciting but preliminary pursuit. Several candidate genetic, inflammatory, and neu-
roimaging markers of depression and PTSD have been identified, but future longi-
tudinal studies in larger samples are needed to build on this promising initial work.
The study of these overlapping conditions is complicated by the difficulty in distin-
guishing psychiatric symptoms from those thought to be occurring as part of PCS. A
better understanding of PCS will in turn help to shed light on the complex interac-
tion between psychiatric disorders and concussion.
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Chapter 8
Management of Concussion and Persistent
Post-concussion Symptoms

Shawn Marshall and Jacqueline van Ierssel

Introduction

This chapter focuses on approaches to diagnosis, assessment, and treatment for per-
sons who have sustained a concussion. While most persons sustaining a concussion
will have early and complete recovery, a minority of patients will have symptoms
beyond the expected four-week period of recovery. Efforts to identify and manage
those persons at risk of prolonged recovery are warranted to mitigate the significant
disability that can be associated with persistent symptoms such as headache, fatigue,
vision impairments, balance impairments, and the potential for onset of mood dis-
orders. Several evidence-based clinical guidelines, professional position statements,
and consensus statements have been developed to review the definition, pathophysi-
ology, criteria for recovery, risks of recurrent concussion, prevention strategies, to
provide strategies for managing acute and persistent post-concussion symptoms,
and to guide return to sport, return to school, and return to work; these are typically
updated on a regular basis [1-6].
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Guidelines

Consensus-based clinical practice guidelines exist specifically for the diagnosis,
assessment, and management of concussion and mild traumatic brain injury with
persistent post-concussion symptoms [1, 7]. The strength of clinical practice guide-
lines is that they are updated on a regular basis by expert consensus in the field, and
in some instances, there is a move toward “Living Guidelines” where recommenda-
tions are updated on a continuous basis as the evidence evolves. These guidelines
also often serve as a resource for the most up-to-date patient information resources,
assessment tools, and outcome measures. A review by Silverberg et al. [1], spon-
sored by the American Congress of Rehabilitation Medicine (ACRM), highlighted
and compared recommendations proposed by the following five guidelines:

1. Ontario Neurotrauma Foundation Guidelines for Concussion/Mild Traumatic
Brain Injury & Prolonged Symptoms 3rd Edition, for Adults Over 18 Years
of Age [5]

2. Ontario Neurotrauma Foundation Living Guideline for Diagnosing and
Managing Pediatric Concussion [8]

3. VA/DoD Clinical Practice Guidelines: Management of Concussion-Mild
Traumatic Brain Injury (mTBI) (2016) [3]

4. Consensus Statement on Concussion in Sport — The 5th International Conference
on Concussion in Sport Held in Berlin, October 2016 [2]

5. Centers for Disease Control and Prevention Guideline on the Diagnosis and
Management of Mild Traumatic Brain Injury Among Children [9]

Diagnosis and Assessment of Concussion

As described in the previous chapters, concussion can be defined as “an injury to the
brain that results in temporary loss of normal brain function. Medically, it is defined
as a clinical syndrome characterized by immediate and transient alteration in brain
function, including alteration of mental status or level of consciousness, that results
from mechanical force or trauma” [10]. Much emphasis has been placed on the
recognition of a potential concussion particularly in sport where there is high risk of
injury. There is a risk of concussion under-reporting in sport-related concussions, as
athletes may be hesitant to report symptoms out of concern for being removed from
play, not wanting to let their team down, perceived pressure, or not thinking the
injury was serious enough, or being unable to recognize the injury in the moment
due to confusion or alteration in consciousness [11].

Prompt diagnostic evaluation is a key element in managing concussion [3, 5].
While concussion is typically a self-limited condition from which most injured per-
sons will fully recover, medical evaluation by a physician or nurse practitioner is
necessary to the injured person to rule out more significant brain injury or associ-
ated injuries such as cervical injury where further investigation or evaluation may
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Step 1. Establish Plausible Injury Mechanism.

® Ask the patient to describe the sequence of events surrounding the injury.

= Listen carefully and query as necessary for a concussive force (eg, Did your head
jolt back and forth?) and its intensity (eg, From what height did you fall?).

® Distinguish the patient’s personal memories from facts he or she inferred or learned
from other people afterward.

Step 2. Query Signs and Symptoms.

Determine whether the patient’s mental status was altered immediately after the impact.
Example questions:

® Do you remember the impact and moments just after?

Did anyone see you lay still and unresponsive right after the accident?

Were you confused or unsure about where you were and what was happening?
Were you able to think clearly about what to do after the accident?

Were you able to answer questions appropriately and follow instructions from people
at the scene?

® Did anyone tell you that your speech was incoherent or not making sense?

Step 3. Rule Out Confounding Factors

Check whether factors other than brain injury can account for the acute alteration in

mental status. Example questions:

® Were you drinking alcohol or using drugs just before the accident?

® Did you see the impact coming? Did you think that you or others would be seriously
injured or killed? Did you feel panicked or scared?

® Did you injure other parts of your body? Were you in severe pain?

Fig. 8.1 Diagnostic interview for mild traumatic brain injury. (Reprinted from Silverberg et al.
[1]. With permission from Elsevier.)

be necessary. The key elements of the assessment include a detailed history of the
event, neurological examination, and formal neck examination due to the high rate
of associated cervical injury with concussion. Questions asked in the diagnostic
interview (Fig. 8.1) [1] typically focus on the possible mechanism of injury, the
patient’s symptoms post-injury, and confounding factors such as concurrent injury
or intoxication at the time of the injury. Formal cognitive screening as well as a
standardized, age-appropriate symptom questionnaire to document current symp-
toms is also important to assist in monitoring symptoms and overall recovery.
Commonly used assessment tools include the Sport Concussion Assessment Tool,
5th edition (SCATS) [12], the Rivermead Post-Concussion Symptom Questionnaire
[13], or the Post-Concussion Symptom Scale [14]. The need for early neuroimaging
with CT or MRI should be determined using formal criteria such as the Canadian
CT Head rule [15] (ages 16—64), the PECARN (Pediatric Emergency Care Applied
Research Network) algorithm (up to 18 years) [16], or the CATCH2 (Canadian
Assessment of Childhood Head Injury) rule [17]. Routine neuroimaging for concus-
sion is not recommended, given the associated costs and limited diagnostic or prog-
nostic utility [3, 5].
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Following completion of the initial assessment, patient with a confirmed concus-
sion and support person should be provided with both verbal and written informa-
tion (e.g., the Concussion Information Package for Parents/Caregivers available
from www.cattonline.com [18]) regarding their diagnosis of concussion, expected
symptoms, prognosis, and timeline for recovery. The patient should be reassured
that the majority of adults recover within the first two weeks post-concussion and
youth within the first four weeks, although female adolescents may take longer.
Formal information provided should highlight the initial need for rest during the
first 24 to 48 hours post-injury [19] with graduated return to activities as tolerated
thereafter. Specifically, the patient should not return to work, school, or driving for
at least 24 hours post-injury. Driving is a cognitively demanding activity, and evi-
dence has shown that driving performance is negatively impacted for at least
24 hours post-injury [20-22]. According to expert consensus recommendations,
driving should be avoided for the first 24 to 48 hours and may be resumed once the
patient is able to concentrate and safely operate a vehicle without symptom exacer-
bation [8]. For athletes, return to sport should be guided by the International
Consensus Statement on Concussion in Sport [2], which provides specific guidance
on how to safely progress through a six-step graded exertional strategy.

A follow-up assessment is recommended for patients who continue to experience
symptoms or have difficulty progressing through return-to-school, return-to-work,
or return-to-sports stages. While most patients are expected to recover in the first
few weeks, 20-30% of patients will continue to have symptoms beyond the one-
month period [23-25]. Identification of both medical and psychosocial risk factors
including previous history of concussion, psychiatric history, substance use, high
number of symptoms, and lower economic status can help determine whether an
individual is at risk for prolonged recovery [5]. A review by Silverberg et al. [26]
identified that female sex, pre-injury mental health problems, early post-injury cog-
nition impairment, and acute psychological distress put the individual at risk for a
worse prognosis. Prospective research by Cnossen et al. [27] demonstrated that
female sex, neck pain, three or more post-concussion symptoms worse than pre-
injury and post-traumatic stress at two weeks post-injury were the most predictive
factors for persistent symptoms at 6 months post-injury. Separate clinical prediction
rules have been developed for children and adults presenting to the emergency
department or primary care physician for an acute concussion to determine the risk
of developing persistent post-concussion symptoms. The 5P clinical risk score
developed by Zemek et al. [24] has shown moderate discrimination to categorize
acutely concussed children and adolescents into low-, medium-, or high-risk groups
based on age, sex, history of prior concussion symptom duration, migraine history,
answering questions slowly, balance errors, headache, sensitivity to noise, and
fatigue. The Toronto Rehabilitation Institute Concussion Outcome Risk
Determination & Rehab Recommendations (TRICORDRR) clinical risk score
developed by Langer et al. [28] calculates an adult’s risk of requiring treatment for
post-concussion symptoms at six months based on premorbid psychiatric condi-
tions, pre-injury health system usage, and older age.
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Key Recommendations for Management

Education is a key component for managing concussion following diagnosis [5, 29]
and should include instructions for the short-term following injury, anticipated
symptoms, self-management strategies for symptoms, and information regarding
expectations for recovery. At the initial assessment, information should be provided
in both verbal and written format that includes links to online educational resources
for the patient and family. Although it is very uncommon to have complications
post-concussion, patients and families should be advised of potential warning signs
such as seizure, progression of symptoms, or deterioration in cognition or physical
abilities that may warrant repeat medical evaluation. The education materials should
also provide information for the initial 24- to 48-hours post-injury where rest should
be emphasized, including avoidance of alcohol and driving. Efforts should be made
to normalize the symptoms experienced following concussion by providing a
description of common, anticipated symptoms. This includes somatic symptoms
such as headache, fatigue, sleep impairment, tinnitus, noise and light sensitivity, and
dizziness/balance difficulties; affective symptoms such as irritability, emotional
lability, or feeling anxious or worried; and cognitive symptoms such as fogginess,
decreased concentration, and memory. The most important element of the education
is to validate the symptoms that the patient is experiencing acutely and to emphasize
that recovery will likely occur over the ensuing days to weeks, which is typical for
most persons who experience concussion.

Follow-up provides the opportunity to monitor progression and once again inter-
vene with education for the patient. Upon discharge from the emergency department
or following the initial clinic assessment, arrangements should be made for follow-
up either in person or by telephone/virtual [30] and should be provided over the
initial 12 weeks post-injury as required [5]. A standardized assessment tool should
continue to be used at each follow-up appointment to monitor recovery progression
and guide care. Routine screening for depression and anxiety should also be com-
pleted as part of these assessments, since mood can impact overall recovery and be
an indication for referral to either a specialist or specialized concussion program.

Return to Activity

The goal for patients is to recover and return to their normal functional activities
including sport, recreational and social activities, school and work. Following assess-
ment and confirmation of a concussion diagnosis, rest is recommended for the first
24 to 48 hours post-injury, after which graduated return to regular routines based on
“activity as tolerated” is recommended. Explaining this term to patients can facilitate
a shared understanding of the goals or expectations for recovery. Activity as tolerated
is sometimes described as the “Goldilocks Approach” of just the right amount of
activity that allows a patient to resume normal daily activities with a mild amount of
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discomfort, as long as the symptoms are not functionally limiting and resolve quickly
with rest. Too little activity may increase the risk for persistent post-concussion
symptoms, while too much activity may result in a significant or persistent exacerba-
tion of symptoms that is functionally limiting. Existing evidence demonstrates that
complete rest beyond the 24 to 48-hour period post-injury is not beneficial and may
in fact be harmful [31]. Leddy et al. [32] have advanced this concept by demonstrat-
ing the added value of a formal exercise strategy post-concussion to accelerate recov-
ery and potentially reduce the incidence of persistent symptoms. Sub-symptom
threshold exercises are prescribed at 80-90% of the heart rate at which symptoms
start or worsen using the Buffalo Concussion Treadmill test protocol with recent
systematic reviews showing promising results for patient recovery [33, 34]. Resuming
normal activity, whether return to sport, hobby, school, or work, is critical to recovery
as with any injury. Patients may find it useful to be provided an analogy such as a
comparable and more comprehendible musculoskeletal injury.

Analogy Example: An Acute Ankle Sprain

While a sprained ankle may vary between patients in terms of symptoms and sever-
ity, the goals of recovery and return to normal function are consistent. Rest is rec-
ommended early on when symptoms are most severe, but full recovery is expected.
If a patient rests their ankle completely until all the pain is gone (“too little”), there
is risk for muscle deconditioning and prolongation of symptoms. If the patient
returns to activity too soon or too aggressively, the ankle may become inflamed,
swollen, and patient may not be able to walk the next day (“too much”). Resuming
activity as tolerated refers to being able to walk on the injured ankle with minor
discomfort or limping and continued functional improvement each day. If the patient
walked too much one day, then no specific harm would come, but would need to
reduce their amount of walking and intersperse rest to allow for healing.

Similarly, cognitive and physical rest is recommended early on following a con-
cussion to minimize symptoms, allow recovery, and prevent reinjury. If a patient
returns to activity too soon, symptoms may worsen and limit their ability to partici-
pate in daily activities. Following the initial period of rest, patients are encouraged
to resume activities they can tolerate with minimal worsening of symptoms, so long
as the symptoms settle easily afterward. Planning frequent breaks between short
periods of activity can help minimize symptoms and promote recovery.

Referral for More Specialized Assessment

Patients who continue to experience sustained or worsening symptoms beyond the
normal period of expected recovery should be referred to an interdisciplinary concus-
sion clinic for specialized treatment to advance their recovery. Early referral to a
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specialized concussion clinic may also be considered for patients with previously
identified risk factors such as history of previous concussions with prolonged recov-
ery, pre-existing mental health disorders, addictions, or high initial symptom severity,
as both medical and therapy expertise are available to assess and manage the patient
[35]. For patients with deteriorating mental health, referral for psychology or psy-
chiatry assessment may also be considered. Currently, there is no standardized treat-
ment pathway for patients with persistent post-concussion symptoms; therefore,
referral decisions should be individualized and based on the underlying etiology [36].
For example, dizziness may be migraine-related, vestibular, or psychogenic in origin,
necessitating a referral to the most appropriate health professional(s). Since there is
often considerable overlap in symptom domains, patients with persistent post-con-
cussion symptoms are best managed by an interdisciplinary team, and healthcare
professionals should adhere to their scope of practice and clinical expertise [36]. In
order ensure appropriate referrals for specialized concussion care, referrals should
include information on patient demographics, specific reasons for the referral, results
of previous investigations and interventions, risk factors for prolonged recovery, pre-
existing medical conditions, symptoms, functional limitations, and patient goals [37].

The Ontario Neurotrauma Foundation has outlined the following core functions
a concussion clinic should be able to provide in their Standards of Post-concussion
Care: (1) diagnosis and medical treatment decisions, (2) physical treatment, (3) cog-
nitive, functional, emotional support, (4) coordination of care function, and (5) edu-
cation [36].

Monitoring of Symptoms

Unlike classic musculoskeletal injuries, where the anticipated symptoms and func-
tional limitations tend to be localized to the point of injury, concussion affects mul-
tiple symptom domains, including somatic, affective, cognition, and sleep. Monitoring
these symptoms post-concussion is important in order to (1) monitor recovery pro-
gression and (2) identify specific symptoms relevant to the patient for which inter-
vention, starting with education, may need to be initiated. Current guidelines
recommend the use of age-appropriate validated symptom assessments [1] such as
the Rivermead Post-concussion Symptom Questionnaire (RPQ) [13], the Post-
concussion Symptom Scale [14], SCATS Symptom Scale [12], or the Post-concussion
Symptom Inventory [38]. These symptom scales are typically self-administered at
the initial assessment and follow-up assessments to provide a summative score for
the number and severity of symptoms as a measure of recovery. While these scores
represent the degree of symptoms or impairments experienced by the patients, they
do not necessarily demonstrate the impact on abilities or function for patients. The
Concussion Recovery Questionnaire (CORE-Q) [39] is a more recently developed
assessment tool that measures functional status post-concussion by assessing how
long a patient can perform patient-relevant tasks such as use of screen time, reading,
exercising, and socializing before the onset or worsening of symptoms.
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Persistent Post-concussion Symptoms

Historically, there remains debate over the duration of symptoms following concus-
sion and the specific diagnosis of post-concussion syndrome itself. Figure 8.2 [40]
highlights the comparisons between different diagnostic criteria, including Post-
concussion Syndrome (International Classification of Diseases (ICD) 10), which
relies heavily on symptoms with a psychological underpinning, and Post-
concussional Disorder (Diagnostic and Statistical Manual of Mental Disorders
(DSM)-1V), which depends on cognitive impairments and has subsequently been
replaced by Major or Mild Neurocognitive Disorder due to traumatic brain injury
(DSM-V). More recently, Lagacé-Legendre et al. [41] used a Delphi method to cre-
ate an expert consensus-based definition for persistent post-concussion symptoms
that emphasizes the presence of at least one key symptom at three months post-
injury, where there is an impact on the patient’s quality of life and functioning
(Fig. 8.3). There have been significant efforts to highlight that the symptoms follow-
ing concussion are non-specific, and comparisons have been made to chronic pain
populations [42] and even student populations where a high prevalence of similar
symptoms are found [43, 44]. Voormolen et al. [45] have also demonstrated a high
prevalence of concussion-related symptoms in the general population in Italy, the
Netherlands, and the United Kingdom. Despite debate as to the association between
persistent post-concussion symptoms and factors such as litigation, solely mental

5th International
Consensus Conference

on Concussion in Sport

ICD-10 DSM-IV DSM-V
Terminology Postconcussion Postconcussional Major or mild Sports-related
syndrome disorder neurocognitive disorder: concussion:
traumatic brain injury symptoms and signs
Trauma History of head History of head Impact to head or rapid Impulsive force
trauma Injury movement/displacement trasmitted to the
of brain head

Loss of “Usually Suggested criterion: Not required Not required
consciousne sufficiently > 5 minutes
(Loc) severe to result

in loss of
consciousness”

Altered Yes Relative attention or Yes, or (+) imaging/ “Impairment of
consciousness / memory neurologic exam neurologic
cognitive impairment on functioning”
impairment neuropsychologie

testing

Maximum 4 weeks N/A Immediate or when Minutes to hours
symptom delay conscious
for attribution to
trauma

Minimum duration N/A 3 months “Past the acute injury phase” Adults: 10-14 days

Children: 4 weeks

Objective evidence Not required Required Not required Not required

DSM-IV, Diagnostic and Statistical Manual of Mental Disorders, fourth edition; DSM-V, Diagnostic and Statistical Mannual of Mental Disorders
fifth edition: ICD-10, International Statistical Classification of Diseases and Related Heath Problems, 10th revision.

Fig. 8.2 Definitions for con cussion and persistent post-concussion-related symptoms. ([Reprinted
from Dwyer and Katz [139]. With permission from Elsevier.)
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Any post-concussion symptom*
appeared within hours of mTBI, which is
still present every day three months
after the trauma** and have an impact on

at least one sphere of life***.

«The following symptoms are the most important to consider.

. -Headache - Fatigue/tiredness
+ - Dizziness / light-headness - Balance disorder
*At least one symptom that is - Trouble concentrating - Memory impairment
not better accounted for by 5 -Decreased informa speed - difficulties
another mental disorder. ;- Fecling of depression - Emotional lability
* +The assessment should include the use of a validated evaluation scale:
evaluation (Rivermead Post-C 1 Q i , Post-

. Concussion Symptomd Scale, etc.)

**No return to previous state,
unresolved symptom(s) or little
improvement even following
post-mTBI advice.

+ - Cognitive test, Screening test for depression, PTSD or other
. - Physical test (motor, balance or other)

+ + Negative impact on one or more ~*
+ - Work

» - School
© - Personal life

***Impact on patient’s quality
of life and functioning
' - Marriage/family

+ - Leisure :
* - Interferes with patient’s activities '

Fig. 8.3 Consensual definition of PPCS. mTBI, mild traumatic brain injury; PTSD, post-traumatic
stress disorder. (Reprinted from Lagacé-Legendre et al. [41]. With permission from Wolters
Kluwer Health, Inc.)

health or psychological factors, or even malingering [46, 47], evidence indicates
that 10-30% of patients continue to have persistent symptoms beyond three months
post-injury [48-52]. As in other medical conditions and injuries, persistent post-
concussion symptoms can significantly affect a patient’s level of functioning and
quality of life. Even when on the surface it appears that full recovery has been made,
with return to full academic load or work duties, patients may continue to have
struggles with decreased efficiency and productivity. This was highlighted by
Silverberg et al. [53] who demonstrated that history of concussion was often associ-
ated with underemployment (i.e., not returning to previous level of employment)
and decreased work productivity even in those individuals who had returned to
work. Efforts to prevent persistent post-concussion symptoms or to mitigate the
degree of symptomatology, thus, have implications for improving functioning, dis-
ability, and health.

Analogy for Patients with Persistent Post-concussion
Symptoms Affecting Function: A Chronic Ankle Sprain

Healthy, uninjured individuals would typically be able to run once around a track
without a challenge. Patients with a chronic ankle sprain would hobble around the
track successfully- job completed. However, the patient would likely require a much
longer time to complete the run (decreased efficiency), be more fatigued (more
energy expended for the task), require increased rest in order to recover, and
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experience too much discomfort to complete other functional tasks afterward.
Similarly, patients with persistent post-concussion symptoms may be able to com-
plete the task, but with less efficiency or accuracy, need increased effort than prior
to injury, experience an increase in symptoms, and require longer time to recover
post-exertion.

Management of Persistent Post-concussion Symptoms

Initial and follow-up management of acute concussion should normalize concussion
symptoms and emphasize that symptoms are typically self-limited and resolve
within days to weeks. The focus of approach remains on proper assessment by a
medical professional to confirm diagnosis, rule out more serious injury, provide
appropriate education to the patient and family, and follow-up to allow monitoring
of recovery. Primary messages include managing expectations of recovery and pro-
gressively increasing activity as tolerated throughout the recovery period. However,
a high initial severity of symptoms has been shown to be the strongest predictor of
prolonged recovery, and these patients should be considered for early referral to a
specialized concussion clinic for more specific interventions. Clinical experience
suggests that the three most important symptoms to be addressed early on are sleep
impairment, post-traumatic headache, and mood. Often these symptoms present
together and are highly interconnected, where the worsening of one symptom
directly negatively impacts another. This has been described as a vicious cycle
(Fig. 8.4) [54], which can lead to a worsening of symptoms and decreased function-
ing if not recognized or addressed. One challenge for managing symptoms post-
concussion is the limited evidence for symptom-specific treatment in a concussion
population. While scientific literature on concussion diagnosis and treatment is rap-
idly increasing, the paucity of research examining concussion-specific treatment

Fig. 8.4 The vicious cycle The Vicious Cycle of Post-
of postconcussion Concussion Syndrome
syndrome. (Courtesy of Dr.
Mark Bayley) Injury
Decreased
/ Attention \
Physical Symptoms Cognitive Symptoms
Anxiety
Muscle
tension .
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results in many guideline recommendations that are of lower grade, despite strong
evidence of treatment effectiveness in other diagnostic populations.

Post-traumatic Headache

Headache is the most common symptom following concussion with 30 to 90% of
patients reporting post-concussion headache [23, 55-58]. Post-concussion head-
ache can be highly disabling, since it is frequently the limiting symptom for patients
when increasing their activity level. As with all post-concussion symptoms, it is
anticipated that with a limited initial period of rest followed by a gradual resump-
tion of activities, headache symptoms will resolve. Post-traumatic headaches are a
secondary type of headache that the International Classification of Headache
Disorders (ICHD) [59] defines as a new or worsening headache that occurs in close
temporal relation to a head injury. Post-traumatic headaches are classified as acute
when occurring within the first 3 months of injury and persistent if headaches per-
sist beyond 3 months post-injury. Evaluation should focus on determining the head-
ache pattern, including migraine, tension-type, cervicogenic, medication overuse,
or exertional headache.

All patients who present with headaches at their follow-up assessment should
undergo a comprehensive medical assessment that includes a focused clinical his-
tory, physical examination, and diagnostic imaging of the brain or cervical spine in
individuals with focal neurological deficits or worrisome findings. A focused head-
ache history should probe headache severity, frequency, location, duration, and
quality of pain. Personal and family history of headache, as well pre-existing medi-
cal conditions should be established in order to identify co-morbid medical condi-
tions and for mitigation of factors that could contribute to post-traumatic headaches.
Information regarding relieving and aggravating factors can also add to determining
the headache phenotype, which can aid in management. Physical examination
should include a complete neurological examination, along with examination of the
cervical spine and vestibular system.

An important first, and often overlooked, step in managing headache is lifestyle
modification. Information regarding getting adequate sleep, eating regular meals,
maintaining hydration, reducing stress, and achieving exercise are important self-
management strategies to reduce headache symptoms. Printable concussion infor-
mation packages for athletes, parents, and caregivers have been developed by the
Concussion Awareness Training Tool [18] and Parachute Organization [60] to pro-
vide athletes, parents, and caregivers with easily accessible and understandable
information on what a concussion is, when to seek urgent medical help, expected
symptoms, and when to resume normal activities. Pharmacologic management may
be necessary if the symptoms are pronounced and limiting function. Simple over-
the-counter analgesics may be indicated such as ibuprofen or acetaminophen; how-
ever, in order to avoid the undesired phenomenon of rebound (medication overuse)
headaches, these medications should not be used more than 15 days in a month [61].
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If there are features similar to migraine-type headaches, then migraine abortive trip-
tans may be effective, with the similar caveat that these should not be used more
than 10 times per month, to mitigate the risk of developing medication-induced
headaches. The use of narcotic medications should be avoided as a headache treat-
ment. Prophylactic medications including low-dose tricyclic antidepressant medica-
tions to start, such as amitriptyline or nortriptyline [62], may be indicated, although
propranolol may also be considered; second-line therapy medications include topi-
ramate or gabapentin [62]. When deciding upon medications, it is often worthwhile
considering other symptoms that the patient may have; for example, amitriptyline
can be of assistance when sleep initiation is a problem and topiramate may be more
useful where oversedation or weight gain may be concerns. Ultimately, post-
traumatic headache can significantly impact the course of recovery and referral to a
concussion specialty clinic, neurologist, or headache clinic may be indicated if
symptoms do not improve.

Sleep Disturbances

Sleep disturbances are common following a concussion, with upward of 40-50% of
patients reporting sleep issues [23, 63, 64]. Sleep disturbances include insomnia,
hypersomnia, obstructive sleep apnea, poor sleep maintenance, poor sleep effi-
ciency, early awakening, delayed sleep onset, or alterations in circadian cycle.
Initially, post-injury hypersomnolence tends to be more problematic, with insomnia
becoming a more prevalent issue later in recovery. Achieving a successful, restor-
ative sleep pattern is critical when recovering from concussion, since it has the
potential to impact mood, fatigue, headache [65-67] and has been demonstrated to
be a prognostic indicator for negative post-concussion outcomes beyond one-year
post-injury [68]. Patients should be provided with information regarding post-
concussion expectations to make them aware that sleep disturbances are common
and expected.

When sleep disturbances present as a prominent symptom for the patient, a
detailed history focused on identifying pre-existing sleep issues is recommended,
since previously benign sleep problems may be exacerbated during recovery.
Relevant sleep history details such as sleep schedule, onset, sleep maintenance, and
awakening will help clarify patient diagnosis and management. Patients should be
screened for medication use, both prescription and over the counter, as well as
potential mood disorders such as post-traumatic stress disorder, depression, and
anxiety as they may impact sleep patterns. When issues such as sleep-disordered
breathing, nocturnal seizures, or narcolepsy are suspected, referral for specialized
testing should be considered, including polysomnography [69].

Management of post-concussion sleep-wake disturbances is recommended and
should start with education regarding establishing good sleep hygiene, ideally pro-
vided to the patient in a handout or web link format. Education should focus on
setting a routine around sleep, so that sleep and wake times are consistent daily,
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including weekends. A bedtime routine for preparing to go to sleep should also be
in place that could involve steps such as taking a warm bath or massage. Daytime
naps should be limited in order to promote nighttime sleepiness, but, if necessary,
then should not exceed 30 minutes once per day. Patients should be encouraged to
avoid caffeinated beverages and alcohol before sleep, engage in regular moderate to
vigorous physical activity as tolerated, and spend time outdoors during daylight
hours to help regulate their internal clock. Sleep environment is a key component of
sleep hygiene and patients should be encouraged to avoid electronics one to two
hours prior to bedtime, maintain the bedroom exclusively for sleep, keep the room
a cool, dark, and quiet place.

Active interventions for sleep may sometimes be necessary. Studies have demon-
strated the effectiveness of CBT for sleep, and while in-person therapy has been the
standard [70-72], online resources are becoming increasingly available. Medication
intervention may be necessary to establish and maintain sleep when non-
pharmacological interventions have not been completely successful. The aim is to
use medications at a low dose to minimize the risk of dependency. Trazodone or
doxepin at low dose can be considered and while benzodiazepines should be
avoided, non-benzodiazepine medications such as zopiclone, eszopiclone, or zolpi-
dem may be appropriate in the short term.

Mental Health Disorders

Mental health status is an important consideration in managing patients with con-
cussion, in order to promote timely and maximal recovery. Chapter 7 provides a
detailed focus on how mental health relates to concussion and recovery. From a
practical perspective, mental health and mood disorders are particularly important
to recognize and address post-concussion, since pre-existing mental health disor-
ders may put the patient at higher risk for persistent symptoms [26, 73, 74].
Associated symptoms and psychosocial consequences of concussion, such as isola-
tion and removal from sport or work, may further lead to the onset of new mental
health problems such as anxiety, depression, and post-traumatic stress. Mental
health disorders are often interrelated with headache and sleep disturbances and can
contribute to the “vicious cycle” of post-concussion where mood impacts sleep,
which may impact headache, which may further contribute to deterioration in mood
and function. A standardized assessment for mood is recommended for all patients
where there may be concerns of anxiety or depression [75]. If present, establishing
the degree of mental health involvement will guide whether non-pharmacological or
pharmacological approaches for management should be considered. Currently,
there is no evidence to suggest that mental health disorders following concussion
should be treated any differently than for patients where the etiology is not due to
concussion.

For nonpharmacological approaches, referral to a mental health professional
may be necessary, where approaches such as CBT have been shown to be effective
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[72, 75]. In some instances where symptoms are in the moderate to severe range,
pharmaceutical approaches may be necessary, such as the use of antianxiety or anti-
depressant medications.

Fatigue

Fatigue is a symptom in which a person experiences tiredness or exhaustion either
physically or mentally that subsequently impacts their ability to function. It is one
of the most common symptoms experienced following concussion, with upward of
40% of patients with concussion continuing to experience this symptom six months
post-injury [23, 27, 76]. While fatigue is often intertwined with other symptoms
including headache, sleep, mood, dizziness, vision symptoms, and cognition symp-
toms, it can also be a primary symptom following concussion, independent of these
other symptoms [77, 78]. Commonly, fatigue is exacerbated by cognitive effort and
environmental stimuli such as noise and light.

When patients present with fatigue, they should be advised that fatigue is one of
the most common symptoms experienced post-concussion. Following the recom-
mended physical and cognitive rest in the first 24—48 hours post-injury, patients
should be encouraged to resume low-risk daily activities as tolerated. If fatigue
remains a prominent symptom during recovery, the clinician should consider addi-
tional potential causes of fatigue such as medication side effects, mood disorder, or
possible endocrine abnormalities; however, more recent research has been less sup-
portive of endocrine abnormalities likely contributing to fatigue post mTBI/concus-
sion [79-81].

Often, fatigue can be a particularly challenging symptom to manage. A recent
systematic review by Sullivan et al. [82] concluded that psychological approaches
(CBT, counseling or education) for treating sleep and fatigue post-concussion
showed small improvements in outcome, compared to standard care or giving
generic advice. Management strategies should focus on environmental modifica-
tions, lifestyle factors, and energy conservation in order to maximize function.
Environmental modifications that include a non-distracting, quiet environment with
tolerable lighting such as incandescent versus fluorescent tend to reduce symptoms
associated with light sensitivity. Similarly, an ergonomic workstation assessment
should be considered, and adjustments made where appropriate to minimize muscu-
loskeletal pain due to neck injury, which frequently occurs during concussion inju-
ries. Healthy lifestyle strategies, such as adequate hydration, healthy nutrition, and
symptom-free aerobic exercise as tolerated, are additional key elements for manag-
ing fatigue. Energy conservation, or the “Four P’s” is one of the most important
factors in managing fatigue: prioritizing, planning, pacing, and positioning. Patients
should be encouraged to prioritize tasks based on their importance and symptom
provocation, asking for help or “dumping” those tasks that are unimportant or could
be done by others. Planning out necessary tasks at times of the day when the patient
has the most energy with frequent scheduled breaks can save mental energy. Pacing
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can be described as “spreading out activity and alternating it with rest periods so
that you are able to continue for longer” [83]. While it is a simple concept that
stretches back in time to the fable of the Tortoise and the Hare, in today’s age, it is
an important concept to emphasize for patients suffering from fatigue. Positioning
refers to choosing quiet, non-distracting environments that allow for easier concen-
tration. Formal information and education around energy conservation is critical for
patients to avoid pushing through symptoms and creating a common pattern of sig-
nificant symptom spikes and subsequent crashes that require a prolonged recovery
time. The goal is for patients to increase their activity tolerance by remaining below
their symptom threshold. As symptoms become better controlled, patients should be
encouraged to gradually increase their level of activity while continuing to self-pace
and self-monitor their symptoms.

In terms of pharmacologic management, stimulant medications are a potential
approach to aid common symptoms experienced post-concussion such as fatigue,
attention deficits, and slowed information processing. Recent trials for pharmaco-
logic management using stimulant medications [84, 85] have shown improvement
in both fatigue symptoms and cognitive symptoms. However, a recent systematic
review by laccarino et al. [86] concluded that there was not sufficient evidence for
the routine use of stimulant medications, specifically methylphenidate, for mTBI as
most of the existing studies had small sample sizes and heterogeneous populations.
They further emphasized that future studies would specifically need to address pre-
injury history of ADHD which is overrepresented in the concussion population.

Cognition

Cognitive symptoms, along with headache and fatigue, are commonly reported
immediately following concussion, where specific symptoms have been classically
identified as taking longer to think (60%), forgetfulness or poor memory (56%), and
poor concentration (52%) [23]. Impaired cognition aligns with the pathophysiologic
understanding of concussion where there is disruption of brain metabolic activity
and subsequent function due to trauma, with effects that appear to last from one
week up to six months post-injury [§7-89]. While most patients with concussion
will completely recover, between 15 and 33% of patients will have ongoing cogni-
tive symptoms beyond the six-month time frame [90, 91]. Controversy remains as
to whether concussion can lead to permanent versus transient impairments in cogni-
tive function, with several systematic reviews failing to identify significant neuro-
psychological deficits post-concussion [92-96]. However, Ruff and Weyer Jamora
[46], in their review focusing on myths and mild TBI, argue that systematic reviews
and meta-analyses in fact are problematic in teasing out or confirming the deficits
related to concussion based on issues with inconsistent testing protocols, challenges
with the patients studied where in many instances litigants versus non-litigants were
not identified and pooling of data leads to loss of demonstration of effect recogniz-
ing the majority of persons following concussion do experience full recovery .
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Bigler [97] further provides a critical review of neuropsychology testing and the
field’s approach to concussion that supports the position that post-concussion neu-
rocognitive deficits may persist post-injury.

Screening through formal instruments assists in identifying cognitive symptoms
that may significantly impact the ability to return to school and work. It is expected
that cognition post-injury will improve over time and evidence suggests that early
education and management of expectations regarding full recovery contribute to
improved outcomes and to avoiding the misattribution of symptoms [98—100]. As
with other symptoms following concussion, cognitive issues may stem from other
symptoms, including headache pain, fatigue, mood alteration, and sensitivity to
environmental stimuli such as light and noise. The impact of these factors on cogni-
tion needs to be taken into consideration when there is evidence of declining cogni-
tive function over time.

More formal cognitive assessments should be considered for those patients with
ongoing cognitive symptoms beyond the three-month time frame, when the ability
to return to work or school is directly impacted [101]. Neuropsychological testing
may assist in the identification of cognitive strengths and challenges and the subse-
quent impact on independent functioning. Identification of areas of relative weak-
ness can help to guide rehabilitation therapy interventions with a goal of improving
function.

Vestibular and Vestibular Ocular Reflex Dysfunction

Dizziness, including vertigo, is the second most common symptom following con-
cussion, with 52% of patients reporting dizziness acutely, and up to 28% continue
to report dizziness 1-year post-injury [23]. The vestibular system plays a key role in
spatial orientation and the maintenance of balance by sensing motion of the head in
space [102]. If the vestibular system is injured following a concussion, altered sig-
nals of head motion and position can result in symptoms of vertigo or dizziness, and
functional balance impairment that can significantly interfere with work, school,
sport, and family life [23, 27].

Dizziness and vertigo may be broadly classified as either peripheral vestibular,
central nervous system, musculoskeletal (cervicogenic), or psychogenic in origin
[3]. Peripheral vestibular disorders involve the vestibular organs of the inner ear or
the vestibular branch of the 8th cranial nerve, and include benign paroxysmal posi-
tional vertigo (BPPV), labyrinthine concussion, perilymphatic fistula, or post-
traumatic endolymphatic hydrops [3, 103]. The most common cause of peripheral
vestibular impairment following concussion is benign paroxysmal positional ver-
tigo (BPPV) [104], which has been reported in 28 % of military personnel and 29%
of children and adolescents with post-concussion dizziness [105, 106]. Post-
concussion BPPV occurs when an impact to the head dislodges calcium crystals
contained within the inner ear allowing them to float freely within one of three
fluid-filled semi-circular canals, most commonly the posterior semi-circular canal



8 Management of Concussion and Persistent Post-concussion Symptoms 169

[106]. Changes in head position cause these crystals to shift, sending false signals
of movement to the brain that induce a sensation of spinning (vertigo) along with
nystagmus (involuntary, rapid movement of the eyes). Clinically, these episodes are
characterized as brief (less than one minute), intense, triggered by head movement
in relation to gravity, such as rolling in bed or bending over, and separated by peri-
ods of remission. Diagnosis is made based on patient history and physical
examination.

Occasionally, a previous episode of vertigo following a vestibular disorder, anxi-
ety, or concussion will trigger Persistent Postural-Perceptual Dizziness (PPPD or
3-P-D). Previously referred to as Chronic Subjective Dizziness, PPPD was defined as
adisorder in 2015 to describe symptoms of dizziness, non-spinning vertigo, unsteadi-
ness (feeling like you are going to fall), light headedness (feeling woozy), and mild
dissociation (feeling spaced out) on most days for at least three months [107]. These
symptoms are often made worse when a person stands or sits upright, is in a busy
visual environment, sees complex visual patterns, or is traveling in a car or bus. There
is no specific test for PPPD, and a diagnosis is made based on clinical presentation.
Limited evidence suggests that PPPD is treatable using a combination of vestibular
rehabilitation, antidepressant medication, CBT, and anxiety management strategies
[108]. Further study is needed to evaluate the benefits of these treatments.

The vestibular system also acts to maintain gaze stabilization during head move-
ment via the vestibular ocular reflex (VOR) [102]. Each pair of semi-circular canals
is connected via motor neurons to a pair of extraocular muscles. When the VOR is
intact, angular movement is sensed by semi-circular canals, which drives the eyes to
move in an equal and opposite direction to the plane of movement [109]. Evidence
suggests that VOR dysfunction occurs in 69% of adolescents following concussion
and is associated with prolonged recovery and neurocognitive function [110]. An
abnormal VOR following concussion can result in symptoms of dizziness, visual
instability, and motion sensitivity.

Assessments of dizziness and balance impairment should include a thorough his-
tory and neurological examination focusing on gait, balance, vision, and vestibular
disorders, including the Dix-Hallpike maneuver to examine for posterior canal
BPPV. Use of a formal questionnaire such as the Dizziness Handicap Inventory can
assist in evaluating the functional impact of dizziness [111] and assess the effective-
ness of treatment interventions. Standardized measures of static balance such as the
Balance Error Scoring System (BESS) [112] and dynamic balance using the
Community Balance and Mobility Measure [113] can provide comparisons against
baseline or normative data and assist in monitoring recovery. The head thrust test
(HTT) is a simple clinical test of VOR function that assesses the ability of the patient
to keep their eyes focused on a target during a rapid, unpredictable passive rotation
of the head to the right or left. A rapid, corrective saccade to regain focus on the
target indicates an abnormal VOR [114]. Dynamic visual acuity (DVA) is a func-
tional measure of VOR that assesses the difference in visual stability while reading
with the head still versus during rapid head turning [114].

Current international consensus statements and national concussion guidelines
recommend vestibular rehabilitation be considered as part of a multimodal
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treatment program for post-concussion dizziness, vertigo, VOR dysfunction, and
problems with balance and gait [2, 5]. Although the current literature base for the
use of vestibular rehabilitation in patients with dizziness and balance problems fol-
lowing concussion is limited and of low quality, emerging evidence suggests that
vestibular rehabilitation is an effective treatment strategy when symptoms persist
[115]. When BPPYV is present, a series of head movements is used to mechanically
reposition the misplaced calcium crystals using canalith repositioning maneuvers,
such as the Epley maneuver for posterior canal BPPV or the Barbeque maneuver for
horizontal canal BPPV [116]. Canalith repositioning maneuvers are considered safe
and effective, and overall prognosis is excellent, with the majority of patients expe-
riencing symptom resolution following the initial treatment [116, 117]. A Cochrane
review by McDonnell et al. [118] found that vestibular rehabilitation improved
patient outcomes for unilateral peripheral vestibular dysfunction when combined
with repositioning maneuvers for BPPV.

The goal of active vestibular rehabilitation is to compensate for functional ves-
tibular deficits through the principles of adaptation, habituation, and substitution.
Adaptation exercises are the most common home exercise program prescribed to
retrain the vestibular ocular reflex following concussion [119]. Exercises involve
coordinated eye-head movements where the patient turns their head from side to
side while focusing on a target to promote gaze stabilization (e.g., VORx1).
Exercises are progressed by increasing the speed of head movement, adding a visu-
ally distracting background, and starting with a stable base of support (e.g., sitting)
to performing the exercise while walking. Habituation exercises involve small doses
of repeated exposure to provocative movements to induce mild and tolerable symp-
toms of dizziness or unsteadiness. Symptom provocation should be brief, and the
patient should recover quickly with rest. Exercises are designed to desensitize the
central processing system in order to reduce the pathological response to stimuli
[120]. An exercise program may be developed based on either the functional limita-
tions of the patient or their response to the standardized Motion Sensitivity Quotient/
Test [121]. Substitution exercises are designed to compensate for vestibular dys-
function by strengthening the proprioceptive system and providing visual strategies
to improve postural stability [120]. Most commonly, the balance system is initially
challenged with standing static balance exercises on level or foam surfaces, pro-
gressing from a stable base of support (e.g., double leg stance) to a more unstable
base of support (e.g., single leg stance) [119]. Visual input can be removed by ask-
ing the patient to close their eyes to increase reliance on the proprioceptive system
and mimic more challenging functional tasks like maintaining balance in a dark
environment. The functional needs of the patient should be considered when pre-
scribing dynamic balance exercises. These exercises should challenge the balance
system in a way that mimics the activities to which the patient needs or wants to
return. Common examples include walking with head turning, tandem gait, and
obstacle avoidance [122]. The general framework for prescribing vestibular reha-
bilitation is based on a problem-oriented approach, whereby (1) vestibular impair-
ments are identified on initial assessment,(2) an individualized exercise program is
prescribed to address patient-specific symptoms and functional limitations, and (3)



8 Management of Concussion and Persistent Post-concussion Symptoms 171

exercises are progressed by increasing exercise speed, adding functional activities,
decreasing compensatory strategies, and incorporating environmental contexts
[109]. Further research is required to determine the optimal exercise parameters
(frequency, intensity, type, and time) and progression patterns to effectively treat
vestibular dysfunction following concussion [115].

Vision and Ocular Motor Deficits

Vision problems are common following concussion and have been shown to predict
prolonged recovery following concussion [123]. The incidence of vision problems
has been reported in up to 75% of military individuals following blast injury [124]
and as high as 90% in adults following concussion, compared with 22% of patients
in a general optometric clinic [125]. A similarly high incidence of vision problems
has been reported in up to 88% of adolescents following concussion [123, 126].
Vision problems may result from neurological damage to the cranial nerves or white
matter tracts along either afferent or efferent cortical pathways [127]. This can con-
tribute to ocular motor problems with accommodation, version deficits (pursuits,
saccades, nystagmus), or vergence dysfunction (convergence, insufficiency) [128].
Problems with accommodation may result in difficulty focusing on near visual work
or shifting focus from near to far. Version deficits can contribute to problems with
reading speed, accuracy, or efficiency, tracking a moving object such as a puck dur-
ing a hockey game, or scanning the environment when driving or looking for an
object on a shelf. Vergence dysfunction can lead to difficulty keeping an object in
singular vision as it moves closer or farther away. These functional deficits can con-
tribute to symptoms such as blurred or double vision, eye strain, visual fatigue,
motion sensitivity, headaches, dizziness, problems with balance, or poor concentra-
tion [123, 129], which can significantly impact a person’s ability to return to visu-
ally intensive activities such as driving, work or school performance, or screen-based
tasks [123, 129]. Non-ocular motor deficits include photosensitivity, visual field
deficits, and visual-midline shift, a perceived shifting of the midline for an individ-
ual [130].

A comprehensive assessment for patients with persistent visual problems fol-
lowing concussion includes a focused clinical history, a functional-based symp-
tom questionnaire, and basic eye/vision examination [131]. Clinical practice
guidelines from the US Department of Veteran Affairs and Department of Defense
(VA/DoD) recommend that the clinical history should obtain information regard-
ing the mechanism of injury, associated injuries and symptoms, comorbidities,
and medication use [3]. Clinicians should inquire as to visual problems or symp-
toms associated with reading, computer use, or driving. Standardized question-
naires such as the Convergence Insufficiency Symptom Survey [132, 133] or
Pediatric Visually Induced Dizziness Questionnaire [134] can assist in identifying
functional vision problems in adults and children with persistent post-concussion
symptoms. A basic eye/vision assessment includes an examination of visual
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acuity, visual fields, pupillary response, eye movement, nystagmus, an external
exam, ocular motor function, and fundoscopy [131]. The Vestibular Ocular Motor
Screening (VOMS) is a brief clinical tool for vestibular and ocular motor impair-
ment that assesses symptom provocation with the following tests: (1) smooth pur-
suits, (2) horizontal and vertical saccades, (3) convergence, (4) horizontal VOR,
and (5) visual motion sensitivity [135]. The VOMS has been shown to differenti-
ate between concussed athletes and healthy controls and is associated with
increased recovery time when symptom provocation or clinical abnormalities are
present [135, 136].

A systematic review of ocular motor-based vision assessments by Hunt et al.
[127] demonstrated that measurements of saccades, smooth pursuits, and vergence
have the potential to detect vision changes following concussion; however, the
authors concluded that current evidence is insufficient to warrant clinical recom-
mendations regarding diagnosis or clinical recovery. A systematic review and meta-
analysis that specifically focused on eye-tracking technology similarly by Snegireva
et al. [137] concluded that while this technology may be promising for distinguish-
ing those who have sustained a concussion from those who have not, there is insuf-
ficient evidence to support its clinical practice currently and further research is
required.

Rehabilitation for vision problems has garnered significant interest for both
patients and clinicians. Recent reviews have examined the evidence to support the
assumption that improving ocular motor dysfunction post-concussion will reduce
vision-related symptoms [129, 138]. Primary types of intervention include vision
therapy and optical devices [129]. Vision therapy involves active exercises designed
to train versional (smooth pursuits, saccades) and vergence (convergence insuffi-
ciency) ocular motor deficits, accommodation, and reading ability using home-
based, office-based, or computer-based programs [129, 138]. Proposed optical
devices include the use of spectacles, base-in or yolked prisms, binasal occlusion,
and photochromatic lenses [129]. These reviews concluded that evidence supports
the use of vision therapy to treat primary convergence insufficiency and accommo-
dative insufficiency; however, current evidence on the efficacy of vision therapy
and optical devices following concussion is limited, of poor quality, and insuffi-
cient to support clinical recommendations [138]. These findings are consistent with
clinical practice guidelines by the Veteran Affairs/Department of Defense (VA/
DoD) [3] that “limited evidence exists to demonstrate that vision rehabilitation
reduces or eliminates functionally-limiting vision symptoms following mTBI.”
Given the limited evidence, the guidelines recommend that, for patients with prom-
inent vision-related symptoms, a time-limited intervention of goal-oriented vision
therapy may be considered and continued only if objective improvements are
achieved.

Vision symptoms post-concussion remain a common symptom that requires a
medical assessment to rule out significant issues such as ocular injury, cranial nerve
injury, or visual field deficit. However, for the more common symptoms of light
sensitivity, blurred vision, or tracking difficulties, no specific therapy has been
objectively demonstrated to improve natural recovery.
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Conclusion

Most individuals completely recover following concussion; however, up to one-
third will experience ongoing physical, emotional, and cognitive symptoms beyond
3-months. Persistent post-concussion symptoms can negatively affect an individu-
al’s ability to work and participate in social activities, level of function, and quality
of life. Objective biomarkers have an important role in understanding the patho-
physiology of recovery but are not yet suitable for clinical application in the assess-
ment or management of persistent post-concussion symptoms.

Identifying the cause of persistent post-concussion symptoms can therefore be
challenging, as a combination of physiological, psychological, and comorbid causes
may contribute to symptom profiles. Current management strategies highlight the
importance of early education and an individualized approach to symptom-based
treatment by an interdisciplinary team. While the recommendations in this chapter
are based on current evidence, professional position statements, and international
and national consensus-based guidelines, the current evidence base is limited and
often of low quality. As concussion research is expanding at a rapid pace, it is
expected that these recommendations will continue to evolve. Further research is
needed to identify the pathophysiological cause of persistent post-concussion symp-
toms and the effectiveness of concussion-specific interventions.
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Chapter 9
Pharmacological Therapies
for Concussions

Edward D. Hall, Eugene Park, and Andrew J. Baker

Introduction

Pharmacotherapy in broad terms may target underlying biological processes or tar-
get symptom complexes such as headache. This chapter explores potential therapies
aimed at the underlying biological processes. There is a spectrum of symptoms,
signs, and imaging findings that co-varies with force intensity in traumatic brain
injury (TBI). It is therefore reasonable to consider that the pathophysiology of con-
cussion includes processes that are seen in moderate and severe TBI — but to a lesser
extent. Therefore, the first section of this chapter explores the recent history of the
inroads into the pharmacological therapies aimed at moderate and severe TBI as
well as mild TBI and concussion with the assumption of relevance related to com-
mon mechanisms between severity categories.

The pharmacological approach to concussion can be framed as targeting second-
ary injury mechanisms and/or targeting symptoms associated with concussion and
persistent concussion syndrome (PCS). As we understand concussion and PCS bet-
ter, and the role of comorbidities that are either pre-existent or precipitated, the
approach also includes the active identification of clinical entities that are amenable
to evidence-based interventions. Of course, the goal is to achieve a clinical patho-
logical correlation, as well as an understanding of the pathophysiology and its
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precision mitigation in concussion. Unfortunately, there is generally a lack of evi-
dence-based direction to guide treatments [1-3]. Furthermore, while there is evi-
dence following concussions/mild traumatic brain injury (mTBI) of persisting
cellular changes from laboratory-supported research, this is largely in the context of
the absence of evident anatomical injury or lesions by basic clinical imaging [4—6]
adding to the challenges of clinical research. This chapter, therefore, provides a
description of recent history of the development of a pharmacologic approach to the
secondary cellular mechanisms, largely in the context of moderate or severe
TBI. This narrative arises from the assumption that the traumatic etiology in con-
cussion points to a shared pathophysiology and pharmacologic potential. The chap-
ter ends with a brief survey of the pharmacological approaches for treating symptoms
of neurotransmitter dysfunction and concussion-related comorbidities, while recog-
nizing the importance of a multi-dimensional approach, as discussed in many chap-
ters of this book.

Pharmacological Approaches to Limit Neurodegenerative
Mechanisms: Antioxidant Therapies for Concussions/Mild
TBI and Moderate/Severe TBI

Traumatic brain injury (TBI) involves a “primary” mechanical insult to the brain,
which initiates a rapidly evolving, “secondary” biochemical injury. This biochemi-
cal “cascade” that is responsible for the post-TBI neurodegenerative events that take
place during the first minutes, hours, and days after injury may initiate progressive
vascular, neuronal, and glial degeneration resulting in permanent mild, moderate, or
severe neurological disability or death. TBI researchers have documented that the
“secondary” injury process begins with the injury-induced depolarization of excit-
atory glutamate-releasing neurons, which causes excessive release of the brain’s
principal excitatory neurotransmitter glutamate. This results in overactivation of the
N-methyl-D-aspartate (NMDA) receptor on downstream neurons, which causes
“excitotoxic” intra-neuronal accumulation of calcium (Ca**) and sodium (Na*) [7,
8]. The increases in intracellular Ca** activate the proteolytic enzymes calpain I and
IL, leading to progressive degradation of cytoskeletal neurofilament proteins (e.g.,
a-spectrin). Brain cellular mitochondria, in addition to their principal bioenergetic
functions (electron transport and ATP synthesis) perform mitochondrial “buffering”
of intracellular Ca**. However, as the intra-mitochondrial matrix Ca** accumulation
builds to an extreme level, where it is above the cytoplasmic Ca*™ “set point”, it
causes mitochondrial membrane potential (Ay)-dependent electron transport, ATP
synthesis, and mitochondrial Ca** buffering to fail, resulting release of previously
buffered intra-mitochondrial Ca** [9, 10].

Pathophysiological studies in male CF-I mice [11, 12], and Sprague-Dawley rats
[13, 14] using controlled cortical impact (CCI)-induced TBI paradigms, demon-
strated a gradually increasing formation of reactive oxygen species (ROS) and
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reactive nitrogen species (RNS) which initiate progressive lipid peroxidation (LP)
that begins during the first post-TBI minutes and slowly increases over the first
4-12 hours. Beyond that time window, any opportunity for effective pharmacologi-
cal LP inhibitory neuroprotection has closed. Nevertheless, our neuroprotective
drug studies have shown that certain LP targeting antioxidants possess a clinically
practical therapeutic window that ranges between 4 and 12 hours in both moderate
and severe rodent and human TBI studies.

While ROS-/RNS-induced LP-mediated brain damage may be less intense in
Glasgow Coma Score (GCS 13-15) “mild” TBI/concussion patients, recent studies
have shown that ROS-/RNS-induced LP occurs in single “mild” TBI models (con-
cussions) and more so in “repetitive concussions’ that are allowed to occur within a
“return-to-play” period limited 3 days since. Thus, pharmacological inhibition of
LP appears to be a promising neuroprotective strategy in concussive TBIs which
constitute ~75-80% of the acute TBI patient population.

Biochemistry of Free Radical-Induced Lipid Peroxidation,
Protein Oxidation, and Carbonylation

One of the most extensively validated “secondary injury” mechanisms revealed in
experimental TBI studies is the early post-traumatic increase in reactive oxygen
species (ROS) and reactive nitrogen species (RNS) that cause oxygen radical-
induced oxidative damage to brain cellular lipids and proteins [15, 16]. This chapter
outlines the key sources of ROS, RNS, and their highly reactive (i.e., rapidly oxidiz-
ing) free radicals, the pathophysiological mechanisms associated with oxidative
neural damage, and, most importantly, pharmacological antioxidants that have been
shown to produce neuroprotective actions that limit ROS-/RNS-initiated
neurodegeneration.

Superoxide Radical

The primordial oxygen free radical that comes from several pathophysiological
sources involves the single electron (e~) reduction of an oxygen molecule (O,) to
produce the superoxide radical (O,). Superoxide can be generated from several
sources; one of the main sources is O,"” leakage from complex I of the mitochon-
drial electron transport chain in Ca**-overloaded brain mitochondria. However, O,
is considered by many free radical chemists to be a modestly reactive radical, but
nevertheless one that can react with other molecules to give rise to more reactive,
and thus more damaging, radical species. The reason that O,"~ is only modestly
reactive is that it can act as either an oxidant that is capable of stealing an electron
from another oxidizable molecule or as a reductant by which it donates its unpaired
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electron to another radical species, thus acting as an antioxidant. However, if O,™~
reacts with a proton (H*) to form a hydroperoxyl radical (HO",), this results in a
superoxide form that is much more likely to trigger LP (i.e., to act as an electron
thief). This is more likely to occur in injured tissue where tissue acidosis is present
that favors the predominance of HO",.

Superoxide Dismutase, Pro-oxidant Effects of Iron, and Tissue
Lactic Acidosis

One of the most important endogenous antioxidants is the enzyme superoxide dis-
mutase (SOD) which rapidly catalyzes the dismutation of O,_ into H,O, and oxy-
gen. At low pH, O,_ can dismutate spontaneously. The formation of highly reactive
oxygen radicals, which have unpaired electron(s) in their outer molecular orbitals,
and the propagation of LP chain reactions are fueled by non-radical ROS, which do
not have unpaired electron(s) but are chemically reactive. For example, OH- radicals
are generated in the iron-catalyzed Fenton reaction where ferrous iron (Fe?*) is oxi-
dized to form the highly reactive OH- in the presence of H,O, (Fe** + H,O, — Fe**
+ OH- + OH-). Superoxide, acting as a reducing agent (i.e., an electron-donating
antioxidant), can donate its unpaired electron to ferric iron (Fe**), cycling it back to
the ferrous state (Fe**, via the Haber-Weiss reaction O,_ + Fe** — Fe?* + O,). This
sets up additional Fe?*-catalyzed Fenton reactions and increased production of OH-.

Under physiological conditions, iron is tightly regulated by its transport protein
transferrin and the storage protein, ferritin, both of which bind the ferric (Fe**) form
of iron. However, this reversible bond of transferrin and ferritin with ferric iron
decreases with declining pH (below pH 7). Tissue acidosis is known to occur in the
traumatized CNS and to cause the release of iron and initiation of iron-dependent
oxygen radical production and LP. A second source of iron comes from hemoglobin
released during injury-induced brain tissue hemorrhage.

Peroxynitrite and Its Highly Reactive Radicals

Although O, is much less reactive than OH- radical, its reaction with nitric oxide
(NO.) radical forms the highly reactive RNS peroxynitrite (PN: ONOQO_). This reac-
tion (O,_ + NO. - ONOO-) occurs with a very fast rate constant which out-competes
mitochondrial manganese SOD’s ability to convert O, into H,0O,. Subsequently, at
physiological pH, ONOO~ will largely undergo protonation to form peroxynitrous
acid (ONOOH) or it can react with carbon dioxide (CO,) to form nitrosoperoxy-
carbonate (ONOOCO;"). The ONOOH can break down to form highly reactive
nitrogen dioxide (NO",) and hydroxyl radical (ONOOH—NO", + OH-). Alternatively,
the ONOOCO;~ can decompose into NO°, and carbonate radical (CO’;)
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(ONOOCO;™ = NO, + CO’_3). Each of these PN-derived radicals (NO",, OH-, and
COr_;3) are highly reactive and able to initiate and propagate LP neurodegeneration
with diffusion rate-limited speed [15, 16].

Lipid Peroxidation and the Formation of Highly Reactive
Protein Carbonyls

Increased production of reactive free radicals (i.e., “oxidative stress”) in the injured
brain has been shown to cause oxidative damage to cellular lipids and proteins lead-
ing to functional compromise and cell death in both the cerebral microvascular and
brain parenchymal compartments. Extensive study has confirmed that a major form
of radical-induced oxidative damage involves ROS/RNS radical attack on brain cell
membrane polyunsaturated fatty acids (PUFAs) that triggers the process of LP that
is characterized by three distinct steps: initiation, propagation, and termination and
carbonylation [17].

Initiation

LP is initiated when one of the highly reactive oxygen radicals (hydroxyl radical,
OH:; nitrogen dioxide radical, NO",; and carbonate radical, CO"_;) reacts with poly-
unsaturated fatty acids (PUFAs) such as arachidonic acid (AA), linoleic acid (LA),
eicosapentaenoic acid (EPA), or docosahexaenoic acid (DHA), all of which have
multiple allylic carbons that are susceptible to LP. Initiation of LP begins when the
reactive radicals steal a hydrogen atom of a PUFA from its associated electrons
from one of their allylic carbons. The basis for the susceptibility of the allylic
carbon(s) of the PUFASs to having of its allylic carbon electrons stolen by a highly
electrophilic free radical is that the carbon is surrounded by two relatively electro-
philic double bonds which act to pull one of the electrons from the allylic carbon.
Consequently, a reactive free radical can easily pull the hydrogen electron off the
allylic carbon because its commitment to pairing with the carbon electron has been
weakened by the surrounding electronegative double bonds. This results in the orig-
inal radical being quenched while the polyunsaturated fatty acid (L) becomes a lipid
radical (L°).

Propagation

Subsequently, LP propagation begins when the unstable L* reacts with O, to form a
lipid peroxyl radical (LOO"). The LOO" in turn abstracts a hydrogen atom from an
adjacent PUFA, yielding a lipid hydroperoxide (LOOH) and a second L*, which sets
off a series of LP propagating “chain” reactions in the brain microvascular, neuro-
nal, and glial cells.
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Termination and Carbonylation

The LP propagation reactions are terminated in the third step when the substrates
(i.e., peroxidizable PUFAs) become depleted and a lipid radical reacts with another
radical to yield potentially neurotoxic non-radical, but highly reactive, aldehydic
end products referred to as carbonyls. Two highly reactive and neurotoxic carbon-
yls of LP are 4-hydroxynonenal (4-HNE) and acrolein, both of which have been
well characterized in both TBI and spinal cord injury (SCI) experimental models
[13-16, 18]. The LP-derived 4-HNE and acrolein covalently bind to proteins,
mainly the basic amino acids (lysine, histidine, arginine) by either Schiff base or
Michael addition reactions, which alter the structural and functional properties of
brain proteins.

Contribution of Lipid Peroxidative Damage to Mitochondrial
Failure, Intracellular Calcium Overload, and Activation

of Calcium-Dependent Proteolytic Enzymes

and Neurodegeneration

The impact of ROS/RNS production is heightened when oxygen radicals amplify
other secondary injury pathways creating a continuous cycle of neuronal ion imbal-
ance, Ca*™ buffering impairment, mitochondrial dysfunction, glutamate-induced
excitotoxicity, and microvascular disruption. One example of ROS-induced ionic
disruption arises from LP-induced damage to the plasma membrane ATP-driven
Ca?* pump (Ca**-ATPase) and Na* pump (Na*/K*-ATPase), which contributes to
increases in intracellular Ca** concentrations, mitochondrial dysfunction, and addi-
tional ROS production. Both Ca**-ATPase and Na*-/K*-ATPase disruptions result in
further increases in intracellular Ca* and Na* accumulation, respectively [15], the
latter causing reversal of the Na*/Ca** exchanger which further exacerbates intracel-
lular Ca** [19, 20]. As already noted above, PN, formed from mitochondrial Ca*™
overload, also contributes to post-TBI mitochondrial dysfunction. Specifically,
nitric oxide (NO-), formed from mitochondrial nitric oxide synthase (mNOS), in
turn reacts with O,"~ to produce the highly toxic PN, which impairs mitochondrial
respiratory function (electron transport and ATP synthesis) and Ca®* buffering
capacity via its derived free radicals. Indeed, increased PN-derived 3-NT and
4-HNE have been detected during the time of mitochondrial dysfunction and cor-
related with respiratory [13, 14] and Ca’* buffering impairment [21].

Lipid peroxidation-derived neurotoxic aldehydes (carbonyls) 4-HNE or acrolein
have been shown in neuronal or astrocytic cultures or in synaptosomes to impair
glutamate uptake and to inhibit mitochondrial function [22-25]. On the other hand,
glutamate-induced excitotoxic damage in synaptosomal or neuronal cultures is
attenuated by pharmacological LP inhibition, confirming that oxidative damage is a
promoter of glutamate excitotoxicity [7, 8].
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Phase II and III Clinical Trial Results of PEG-SOD

and Tirilazad Mesylate: Initial Validation of Antioxidant
Neuroprotection in TBI Animal Models and Moderately
Severe Human TBI

Polyethylene Glycol (PEG)-Conjugated Superoxide Dismutase
(SOD): Scavenging the Primordial Superoxide Radical

The initial studies of free radical scavenging compounds in TBI models were car-
ried out with Cu*/Zn** SOD in the collaborative work of Kontos, Wei, and
Povlishock at the Medical College of Virginia. These investigators showed that
post-traumatic cerebral microvascular dysfunction was initiated by O,"~ generated
as a by-product of TBI-triggered activation of the arachidonic acid cascade which
begins during the first minutes and hours after TBI [26-28]. Their pioneering exper-
imental work in rodent and feline TBI models demonstrated that administration of
Cu**/Zn** SOD prevented post-traumatic free radical-induced disruption of cere-
brovascular autoregulatory dysfunction.

This work led to phase II and III clinical trials in which the more metabolically
stable polyethylene glycol (PEG)-covalently conjugated bovine Cu**/Zn** SOD
(PEG-SOD; generic name: pegorgotein; trade name Dismutec®) was examined in
moderate and/or severe TBI patients. The PEG modification of SOD had been
shown by the pharmaceutical sponsor Sterling-Winthrop to not modify the SOD
activity, but rather to dramatically increase its in vivo metabolic stability, which
increased the half-life of SOD activity in rats from 8 minutes to over 30 hours with
PEG-SOD [29].

An initial phase II double-blinded dose-response study, conducted at two centers
(the Medical College of Virginia and the University of Maryland Shock Trauma
Center), showed a positive trend in humans as well [30]. Specifically, 104 patients
with severe TBI were randomized to either PEG alone or one of three PEG-SOD
dose groups (2000, 5000, or 10,000 Units/kg administered as a single i.v. bolus)
within 4 hours after TBI. Glasgow Outcome Scale (GOS)-assessed outcome at 3 and
again at 6 months, in 91 and 93 patients, respectively, showed that at 3 months, 44%
of the PEG-treated patients were either in a persistent vegetative state or had died,
while only 20% of the patients who received the 10,000 Units/kg PEG-SOD dose
were in those bad outcome groups (p < 0.03) compared to placebo. At 6 months post-
TBI, these figures were reduced from 36% for PEG-treated patients to only 21% for
PEG-SOD, respectively (p < 0.04). Differences in outcome between PEG and either
of the two lower PEG-SOD dose groups were not statistically significant.

These encouraging phase II placebo-controlled clinical results carried out in two
highly experienced trauma centers (Medical College of Virginia and the University
of Maryland) inspired a subsequent phase III, 29 trauma center study that random-
ized 463 “severe” TBI patients randomized to either PEG or 10,000 or 20,000 PEG-
SOD Units/kg i.v. administered within 8 hours after severe TBI. Disappointingly,
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neither PEG-SOD dose, administered within the 8-hour post-TBI time window,
showed a significant benefit in terms of increased survival or improved neurological
outcomes in “severe” TBI. This implies that the PEG-SOD antioxidant neuroprotec-
tive therapeutic efficacy window may be limited to the 4-hour post-TBI time frame.
However, in the 10,000 Units/kg PEG-SOD-treated patients, there was a signifi-
cantly lower incidence of adult respiratory distress syndrome (ARDS) in the 10,000
Units/kg PEG-SOD patients compared to the PEG-treated TBI patients (p < 0.015)
[31]. Unfortunately, PEG-SOD trials in TBI patients were discontinued by the cor-
porate sponsor Sterling-Winthrop, and questions of whether repeated, rather than
single PEG-SOD, dosing would be more effective were never resolved and PEG-
SOD passed into pharmacological history.

Despite the failure of PEG-SOD in human TBI, experimental studies have shown
that transgenic mice that overexpress Cu**/Zn** SOD are significantly protected
against post-TBI pathophysiology and neurodegeneration [32—36]. This fully sup-
ports the importance of post-traumatic O, in post-traumatic secondary injury,
despite the fact that targeting this primordial radical, which is only at its highest
level during the first few hours after TBI, may not be the best antioxidant target for
severe TBI compared to interrupting the ROS-/RNS-initiated LP process, which, as
our recent rodent TBI studies show, does not peak in intensity until 4—12 hours after
TBI [13, 14].

21-Aminosteroid Tirilazad Mesylate — Membrane Stabilization +
Scavenging of Lipid Peroxyl Radicals

Consistent with targeting LP as probably the dominant mechanism involved in post-
TBI oxidative damage, the 21-aminosteroid LP inhibitor tirilazad mesylate, trade
name Freedox®, was discovered to potently inhibit free radical-induced, iron-
catalyzed LP by a combination of catalytic LOO- scavenging along with a
membrane-stabilizing action that limits the propagation of LP reactions between an
LOO- and an adjacent polyunsaturated fatty acid [37]. The protective efficacy of
tirilazad was demonstrated in multiple animal models of acute TBI in mice [38], rats
[39], and cats [40]. While this highly lipophilic compound is largely localized in the
microvascular endothelium, the early post-traumatic disruption of the BBB allows
the penetration of tirilazad into the brain parenchyma [41]. Nevertheless, experi-
mental data derived from the rat controlled cortical impact, and the mouse diffuse
concussive head injury models have shown that a major effect of tirilazad is to
lessen post-traumatic microvascular damage, as evidenced by attenuation of blood—
brain barrier (BBB) opening [41, 42].

Nearly coincident with the PEG-SOD phase II and III TBI trials, the LP inhibitor
tirilazad mesylate was taken into clinical development in the early 1990s. Following
a phase II dose-escalation study that demonstrated the drug’s safety in TBI patients,
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in two phase III multi-center clinical trials, the ability of tirilazad mesylate to
improve neurological recovery in moderately and severely injured TBI patients was
evaluated. One trial was conducted in North America and the other in Europe,
Australia, and South Africa. In both trials, TBI patients were treated randomly
within 4 hours after TBI with tirilazad (10 mg/kg i.v. q6h for 5 days) or its aqueous
vehicle (as a placebo). However, the North American trial was never published due
to a major confounding imbalance in the blinded randomization of the moderate and
severe patients to placebo or tirilazad with regard to injury severity and pre-treatment
neurological status.

In contrast, the parallel European-Australasian-South African phase III moder-
ate/severe TBI trial that enrolled 1120 moderate (GCS 9-12) and/or severe (GCS
4-8) TBI patients showed much better randomization balance between the placebo-
and tirilazad-treated patients. Additionally, the principal investigator of this study,
Dr. Larry Marshall, Chairman of the Department of Neurosurgery at UC San Diego
and a leading TBI expert, urged us to include computerized axial tomography (CT)
confirmation of traumatic SAH (49.7% of placebo treated and 50.4% of tirilazad
treated), which was published in the Journal of Neurosurgery [43].

A post-hoc analysis showed that tirilazad-treated, moderately injured (GOS
9-12) male TBI patients with traumatic subarachnoid hemorrhage (tSAH) had a
significantly lower incidence of 6-month mortality after treatment with tirilazad
(7.1%) compared to placebo (25.0%, p < 0.042). Also in severely injured males with
tSAH, tirilazad also lessened mortality from 42.5% in placebo-treated to 33.3%
(p <0.026). Additionally, 6-month post-TBI GOS favorable outcome was increased
by 21%, from 60% in placebo-treated to 81.5% in tirilazad-treated moderate tSAH
patients, albeit not significantly (p < 0.13).

The borderline significance of this tirilazad mesylate improvement in favorable
outcome in tSAH patients would have needed to be replicated, had Pharmacia &
Upjohn and tirilazad mesylate (Freedox®) survived the rampant “merger mania” of
the decade of the 1990s. Nevertheless, from a scientific point of view, this result is
consistent with the fact that tirilazad is also highly effective in reducing SAH-
induced brain edema and cerebral vasospasm in multiple animal models of aneurys-
mal SAH [37] and in humans with aneurysmal SAH [44, 45] and traumatic
SAH [43].

Current Enthusiasm for Antioxidant Neuroprotective Drug
Discovery for Concussion (GCS 13-15)

Two recently published review articles have strongly encouraged mild TBI/concus-
sion preclinical and clinical investigators toward an increased focus on the pharma-
ceutical investigation of various antioxidants for their neuroprotective utility. One
of those reviews has stated that “Of the several biochemical changes that occur in
a patient’s brain following a concussion, an increase in reactive oxygen species
(ROS) is of particular concern” [46].
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A prominent and highly productive group of Italian TBI investigators state in
their recent review the following evaluation concerning the history of “Antioxidant
Therapies in Traumatic Brain Injury” research and development.

A large number of studies have evaluated the efficacy of antioxidant administration to
decrease TBI-associated damage in various animal models and in a limited number of clini-
cal trials. Points of weakness of preclinical studies are represented by the large variability
in the TBI model adopted, in the antioxidant tested, in the timing, dosages and routes of
administration used, and in the variety of molecular or neurocognitive parameters evalua-
tion. The analysis of the very few clinical studies does not allow strong conclusions to be
drawn on the real effectiveness of antioxidant administration to TBI patients [47].

Later in their review, the authors state their view that the post-concussion anti-
oxidant neuroprotective therapeutic window, which they believe, is limited to only
3 hours post-concussion and believe that antioxidant administration for concussions
should be started shortly following admission.

According to what is stated above, sports-related concussions are a type of TBI in which
prevention might effectively be applied either by modifying rules of those sports disciplines
at higher risk of concussion, or in preventively treating athletes with drugs capable of inhib-
iting specific molecular pathways activated by concussions. It should also be taken into
account that drug treatments might be helpful in allowing safer return of athletes to play. In
this light, few studies have been carried out to evaluate the effects of the administration of
antioxidants prior to concussion in reducing molecular changes and symptoms associated
with concussion [47].

The views of Di Pietro et al. [47] leave the reader initially uncertain about their
enthusiasm for post-concussion antioxidant efficacy and for the therapeutic practi-
cality of post-TBI antioxidant neuroprotection. However, their view is certainly rea-
sonable about trying to pharmacologically intercept the highly reactive, hydrogen
peroxide (H,O,)-derived hydroxyl radical (OH-) or the peroxynitrite-generated
nitrogen dioxide (NO",), both of which peak within the concussed mouse brain
within first 15 minutes post-injury as evidenced by 4-HNE or 3-NT immunostaining
[48]. Logically, for prophylactic pharmacological neuroprotective treatment to be
widely accepted for pre-treatment of competitive athletes at risk for concussions,
antioxidant pre-treatments need to be safe and devoid of stimulant or depressant
neuropharmacology.

Accordingly, in their review, Di Pietro et al. [47] highlight several “nutraceuti-
cals,” including ascorbic acid (vitamin C), N-acetyl-cysteine (a glutathione (GSH)
congener), flavonoids, resveratrol, a-tocopherol (vitamin E), coenzyme Q,,, carot-
enoids (natural products that possess antioxidant and anti-inflammatory properties),
and omega 3 fatty acids including docosahexaenoic acid (DHA).

Concerning DHA as a potentially approvable prophylactic antioxidant neuropro-
tective agent, a recent study evaluated the effects of pretreatment of 81 Division I
American football athletes who were recruited and randomly administered 2.4 or
6 g/day of DHA/day. The football players, during the 189-day season of the study,
were randomly serum-sampled for neurofilament light (NFL) levels, as a measure
of concussion-induced axonal injury. Surprisingly, the lowest DHA daily dose (2 g/
day) produced the best effect in serum NFL levels suggesting that DHA
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administered at higher doses may possess a biphasic/U-shaped dose-response curve
in regard to the axonal protective effects of DHA [49].

Newer Multi-mechanistic Pharmacological Approaches

for Antioxidant Neuroprotection That May Be Parenterally or
Orally Administrable for Early Treatment of Mild TBI/
Concussion (GCS 13-15)

Pharmacological Nrf2-Antioxidant Response Element (ARE)
Activation Enhancement

The body’s endogenous antioxidant defense system is largely regulated by the
nuclear factor E2-related factor 2/antioxidant response element (Nrf2/ARE) signal-
ing pathway at the transcriptional level [50, 51]. Recent work has revealed that fol-
lowing controlled cortical impact TBI in mice there is a progressive activation of the
Nrf2-ARE system in the traumatically-injured brain, as evidenced by an increase in
HO-1 mRNA and protein that peaks at 72 hours after TBI. However, this effect does
not precede, but rather is coincident with the post-injury increase in LP-related
4-HNE [52]. Therefore, it is apparent that this endogenous neuroprotective antioxi-
dant response needs to be pharmacologically sped up and increased in magnitude if
it is to be capable of exerting meaningful acute post-TBI neuroprotection. Two
nutraceutical Nrf2 activators that have been shown to speed up Nrf2/ARE expres-
sion and provide effective neuroprotective actions in TBI models are sulforaphane
and carnosic acid.

Sulforaphane

Administration of the natural product sulforaphane, a Nrf2/ARE signaling activator
found in high concentrations in broccoli, significantly reduced contusion volume
and increased post-SCI coordination. These positive outcomes were a result of
sulforaphane-induced increases in Nrf2, glutamine, and decreases in inflammatory
cytokines, IL-1b and TNFa [53]. The mRNA levels of Nrf2-regulated antioxidant
enzymes heme oxygenase (HO-1) and NADPH:quinone oxidoreductase-1 (NQO1)
are upregulated 24 hours post-TBI [54]. In contrast, Nrf2 knockout mice were found
to be susceptible to increased oxidative stress and neurologic deficits following TBI
compared to their wild-type counterparts [55].

Sulforaphane is also neuroprotective in various animal models of TBI specifi-
cally reducing cerebral edema and oxidative stress and improving BBB function
and cognitive deficits [56]. Studies by Chen and coworkers [57] demonstrated
increased cortical expression of Nrf2 and HO-1 in the rat SAH model. However,
treatment with sulforaphane further increased the expression of Nrf2, HO-1, NQO1,
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and glutathione S-transferase-al (GST-al), resulting in the reduction of brain
edema, cortical neuronal death, and motor deficits.

Carnosic Acid in Moderately Severe TBI

Another Nrf2-ARE activating natural product, carnosic acid, from the herb rose-
mary, has been shown to more effectively induce this antioxidant defense system
than the prototype Nrf2-ARE activator sulforaphane [58]. This is because the
parent carnosic acid, which contains a di-phenolic catechol moiety, is capable of
scavenging LOO- radicals, making it in part, a typical electron-donating
LP-inhibiting antioxidant. Additionally, the catechol of carnosic acid is metaboli-
cally converted to a carnosic acid quinone which is responsible for activating the
Nrf2/ARE signaling pathway. Thus, carnosic acid is a dual mechanism antioxi-
dant with combined electron-donating properties and Nrf2/ARE-activating
activity.

It has been shown that administration of carnosic acid to non-TBI mice is able
to significantly increase the resistance of isolated cortical mitochondria, harvested
48 hours later, to the respiratory depressant effects of 4-HNE applied in vitro
together with a decrease in 4-HNE modification of mitochondrial proteins [11]
Subsequent studies, with a single 1 mg/kg i.p. dose of carnosic acid administered
to mice at 15 minutes after controlled cortical impact TBI, demonstrated preserved
mitochondrial respiratory function along with a reduction in the level of
LP-mediated damage in mitochondria harvested from the injured cortex at 24 hours
after TBI [59]. Furthermore, carnosic acid’s antioxidant effects were still apparent
when its post-TBI administration was delayed until 8 hours post-injury in terms of
an attenuation of the neurotoxic LP-derived 4-HNE and 3-NT in the injured corti-
cal tissue together with a decrease in Ca**-activated, calpain-mediated, neuronal
cytoskeletal degradation. Regarding the latter neuronal protective effect, a decrease
in 48-hour cytoskeletal degradation was also shown to occur, even with a post-TBI
treatment delay of 8-hours post-TBI (Fig. 9.1).

Carnosic Acid in Repetitive Mild TBI (rmTBI)

Recent studies by Dash and colleagues [60] have demonstrated that carnosic
acid is able to improve neurological recovery in a mouse repetitive mild concus-
sion TBI (rmTBI) model. Each mouse received 3 concussions, each 72 hours
apart. At 30 minutes after each TBI, the mice received a 1 mg/kg i.p. dose of
carnosic acid. In the rm-TBI paradigm, carnosic acid (1 mg/kg i.p dose) was
shown to improve spatial learning and memory beginning at 15 days after the
last injury [60].
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Fig. 9.1 Top: Multi-mechanistic antioxidant carnosic acid (CA): Although the parent drug CA
(left) possesses direct radical scavenging activity due to its electron-donating diphenolic hydrox-
yls, its ability to activate the Nrf2-ARE pathway requires its oxidation to the more electrophilic CA
ortho-quinone (right) species which is facilitated by conditions of oxidative stress. Both CA and
the CA quinone are highly brain penetrable. Botfom: Delayed administration of CA provides a
clinically relevant therapeutic window. The administration of CA (1 mg/kg i.p.) was delayed to
either 15 minutes, 1 hour, 4 hours, or 8 hours post-injury for the initial i.p. injection followed by a
booster injection at 24 hours post-injury. At 48 hours post-injury, ipsilateral cortical tissue was
collected for Western blot analysis of a-spectrin breakdown products as an indication of cellular
cytoskeletal degradation. All delayed time points (15 minutes, 1 hour, 4 hours, and 8 hours) were
significantly decreased (p < 0.05) as compared to vehicle for both the 150 kD (caspase and calpain
derived) and 145 kD (calpain specific) breakdown products. Analyzed by one-way ANOVA fol-
lowed by Student Newman-Keuls post-hoc test. ¥ = p < 0.05. Error bars represent +/— SD. n=8-10
per group. (Reprinted from Miller et al. [53]. With permission from Elsevier)

Mitochondrial Protection by Scavenging of Lipid
Peroxidation-Derived Protein Carbonyls 4-Hydroxynonenal
(4-HNE) and Acrolein

Penicillamine

We have previously demonstrated that D-penicillamine is able to scavenge the RNS
peroxynitrite (PN) [61] and to protect brain mitochondria from PN-induced respira-
tory dysfunction in isolated rat brain mitochondria [62]. D-penicillamine has also
been documented to form an irreversible (covalent) bond to primary aldehydes
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enabling the drug to scavenge neurotoxic LP-derived carbonyl compounds such as
4-HNE and acrolein [63]. Consistent with that mechanism of action, D-penicillamine
has been shown to attenuate the levels of 4-HNE-modified mitochondrial proteins
following exposure of isolated brain mitochondria to 4-HNE [12]. The PN scaveng-
ing action of D-penicillamine, along with its carbonyl scavenging capability, may
jointly explain our previous findings that acutely administered D-penicillamine can
improve early neurological recovery of mice subjected to moderately severe con-
cussive TBI [64].

Phenelzine

Another FDA-approved hydrazine-containing drug phenelzine, long used for cer-
tain depressive patients, does not seem to compromise arterial blood pressure as
readily as hydralazine. Accordingly, a very recently published paper has shown that
phenelzine administration to rats subjected to acute contusion SCI mitigated post-
SCI neuropathic pain, reduced motor deficits, and improved spinal cord tissue spar-
ing [65]. Earlier studies have demonstrated neuroprotective efficacy in a rodent
ischemia-reperfusion stroke model, which was attributed to reducing ‘“‘aldehyde
load” in the stroke-injured brain [66]. In vitro studies have documented the ability
of phenelzine to protect isolated rat brain mitochondria from the respiratory depres-
sant effects of 4-HNE together with a concentration-related attenuation of the accu-
mulation of 4-HNE-modified mitochondrial proteins. Subsequent in vivo studies in
the rat controlled cortical impact TBI model have found that a single 10 mg/kg
subcutaneous dose of phenelzine can also reduce early (3 hours) post-traumatic
mitochondrial respiratory failure, as well as cortical lesion volume at 14 days post-
injury [67]. More recently, we have observed that phenelzine is able to protect iso-
lated mitochondria from respiratory functional depression and carbonyl modification
of mitochondrial proteins following application of the more highly reactive alde-
hyde acrolein [68].

To better define the optimal neuroprotective use of phenelzine, additional
in vivo TBI studies shown in Fig. 9.2 have demonstrated that repeated dosing
with phenelzine over a 60-hour post-TBI period is able to reduce LP-derived
mitochondrial carbonylation and bioenergetic failure at its 72-hour peak, along
with a reduction in cortical lesion volume that is greater than that seen with only
a single early dose. This makes sense since the adequate carbonyl-scavenging
drug levels logically need to be maintained during the 72-hour long time course
of post-traumatic generation of LP-derived neurotoxic aldehydes [68]. Subsequent
in vivo TBI experiments revealed that in addition to preserving mitochondrial
bioenergetics out to 72-hours post-TBI, phenelzine administration was able to
significantly improve intraneuronal calcium homeostasis, to maintain mitochon-
drial membrane potential, and, thereby, to partially protect neuronal cytoskeletal
integrity [69].
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Fig. 9.2 Covalent reactivity of the hydrazine side chain of phenelzine with the lipid peroxidation-
derived carbonyl 4-hydroxynonenal. (a) Vehicle (0.9% saline)-treated rat brain injected 15 minutes
after TBI. All groups (vehicle, PZ(s), PZ(m)) were euthanized 72 hours after first injection. (b)
Phenelzine single dose (PZs)-treated animal, injected with a single dose of PZ, 15 minutes after
injury at 10 mg/kg. (¢) Brain of PZ-treated rat with a multiple dosing paradigm (PZm): single
subcutaneous injection of PZ 15 minutes after injury, followed by maintenance dosing of 5 mg/kg
every 12 hours thereafter. (d) Percent of tissue sparing followed by either vehicle (saline), PZ(s),
or PZ(m) treatment did not exhibit a statistically significant amount of cortical tissue sparing when
compared to vehicle. However, PZm significantly increased the total volume of spared cortical
tissue. One-way ANOVA (F = 8.5, df = 2,20, p < 0.002) followed by Dunnett’s post-hoc test.
* = p < 0.05 compared to vehicle. Error bars represent mean + SD; n = 7-8 rats per group.
(Reprinted from Cebak et al. [68]. With permission from Mary Ann Liebert, Inc.)
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Hydralazine

More recently, it has been documented that a variety of FDA-approved hydrazine
(NH-NH,)-containing compounds, including the anti-hypertensive agent hydrala-
zine and the anti-depressant phenelzine, can covalently react with the carbonyl moi-
eties of 4-HNE or acrolein which prevents their covalent binding to susceptible
amino acids in proteins [70]. Most impressive is the fact that the application of
hydrazines can rescue cultured cells from 4-HNE toxicity even when administered
after the 4-HNE has already covalently bound to cellular proteins [70]. Consistent
with this effect being neuroprotective, Shi and colleagues at Purdue University have
shown that hydralazine inhibits either compression- or acrolein-mediated injuries to
rat spinal cord tissue [71]. However, a concern about hydralazine is that it is a potent
arterial vasodilator that has long been used for interruption of hypertensive crises.
Thus, hydralazine might potentially worsen post-TBI hypotension and decrease
arterial perfusion in the injured brain and/or spinal cord that might offset hydrala-
zine carbonyl scavenging neuroprotective effects. However, Shi and coworkers, in
their rat SCI studies with hydralazine, have documented that the neuroprotective
dose they are using in SCI models (5 mg/kg i.p.) does not have significant hypoten-
sive effects, and the achieved levels in spinal cord tissue are sufficient to reduce the
post-SCI accumulation of the neurotoxic aldehyde acrolein [72].

Combinatorial Antioxidant Neuroprotection

Antioxidant neuroprotective therapeutic discovery directed at acute TBI has consis-
tently been focused upon attempting to inhibit the secondary injury cascade by
pharmacological targeting of a single oxidative damage mechanism. As presented
above, these efforts have included either enzymatic scavenging of superoxide radi-
cals with SOD [29-31] or inhibition of LP with tirilazad [43]. While each of these
strategies alone has shown protective efficacy in multiple animal models of TBI,
phase III clinical trials with either compound failed to demonstrate a statistically
significant positive effect, although post-hoc subgroup analysis showed that the
microvascularly localized tirilazad may have efficacy in moderate and severe TBI
patients with tSAH [43]. While many reasons have been identified as possible con-
tributors to the failure, one logical explanation has to do with the possible need to
interfere at multiple points in the oxidative damage portion of the secondary injury
cascade, either simultaneously or in a phased manner, to achieve a clinically demon-
strable level of neuroprotection. To begin to address this hypothesis, we are cur-
rently exploring the possibility that reducing posttraumatic oxidative damage more
completely and less variably might be achievable by combined treatment with two
mechanistically complimentary antioxidant compounds. Figure 9.3 summarizes the
theoretical rationale for a multi-mechanistic antioxidant therapy for TBI, whether in
concussions and mild, moderate, or severe TBI. It is anticipated that the combina-
tion of two or more antioxidant mechanistic strategies may improve the extent of
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Fig. 9.3 Rationale for the combination of two or more antioxidant strategies to achieve a more
effective and consistent (i.e., less variable) neuroprotective effect in the injured brain

neuroprotective efficacy and lessen the variability of the effect obtained with single
antioxidant strategies.

Preliminary data, shown in Fig. 9.4 (top), suggests that a combination treatment
that includes a peroxynitrite radical scavenger Tempol with an LP inhibitor
U-83836E in mice subjected to controlled cortical impact TBI is more effective in
reducing 48-hour calpain-mediated neurofilament damage (i.e., a-spectrin break-
down). In parallel, experiments (Fig. 9.4 (bottom)) showed that the same treatment
combination reduced 7-day post-TBI cortical tissue damage. In the case of both
parameters, the variability of the data is reduced to approximately half of that seen
in the parallel groups treated with either of the two drugs alone.

Temporal Window of Metabolic Brain Vulnerability
to Repeat Concussions

Regarding concussions (GCS 13-15), arguably one of most important consider-
ations concerning recovery is whether this victim is part of a TBI group that is likely
to have frequent repetitive concussions. This scenario most commonly applies to
high school, college, or professional athletes who participate (particularly as
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Fig. 9.4 Top: Comparison of the effects of the PN radical scavenger Tempol and the lipid peroxi-
dation inhibitor U-83836E alone and in combination (each administered at 15 minutes post-TBI)
on 48 hours calpain-mediated cortical neuronal cytoskeletal a-spectrin degradation (SBDP = spec-
trin breakdown products), measured by Western blot, at its 48 hours post-injury peak in the mouse
controlled cortical impact TBI model (V = 18 male mice/group; # = p < 0.05 compared to sham,
uninjured mice) and on 7 day cortical tissue sparing (N = 8/group; # = p < 0.05 compared to sham,
*p < 0.05 compared to vehicle group). Values = mean =+ standard deviation. Bottom: Comparison
of the effects of the PN radical scavenger Tempol and the lipid peroxidation inhibitor U-83836E
alone and in combination on 7 day post-TBI cortical tissue sparing (@ = p < 0.05 compared to
Tempol). For both neuroprotective parameters, it is apparent that Tempol and U- 83836E result in
as much as a 50% decrease in variability. (Adapted from Hall et al. [123]. With permission from
Elsevier)
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“starters”) in rough and tumble contact sports (e.g., football, rugby, ice hockey, soc-
cer), and are likely to sustain repeat concussions during one or more seasons, or in
frontline military personnel who are at risk for repetitive concussions from frequent
exposure to explosions from mortar or artillery fire during their deployments.

Accordingly, the important question concerns how frequently athletes or military
personnel sustain concussions, and how long should they be removed from athletic
competition, or combat, to allow for adequate rest and recovery between their repet-
itive concussions. Fortunately, we currently live in a time when the prevailing opin-
ion is that if an athlete, or frontline soldier, sustains a concussion, they need to be
relieved from duty for a period of time before they are allowed to return to either
athletic competition or combat. While it is uncertain whether the needed rest period
to enable adequate post-concussion recovery is different between rodents and
humans, it seems likely that post-TBI oxidative and nitrosative damage time courses
in acutely brain-injured rodents and probably humans are similar.

Vagnozzi et al. (2007) determined that there is a temporal window of brain vul-
nerability recovery in rats undergoing repeat mTBIs with the optimal timing for the
second impact being delayed until after at least 5 days following the last impact.
Specifically, radical-induced lipid peroxidation (LP), measured by accumulation of
malondialdehyde (MDA), does not die down completely until oxidative and nitrosa-
tive-induction of LP has returned to its nearly normal level at least 5 days post-
TBI. This is the first study to show the existence of oxidative and nitrosative stresses
in repeat TBIs, and their neuroprotective modulation by the time interval between
two concussive episodes separated by a post-concussion recovery period to allow
time for repair from post-TBI free radical-induced LP.

Pharmacological Approaches for Treating
Post-concussion Symptoms

Both neurocognitive and neuropsychiatric sequelae following concussion and mild
TBI (mTBI) likely arise with alterations to the usually physiologically controlled
balances in neurotransmitters [73—75]. Common targets in the treatment of concus-
sion include addressing neurotransmitter imbalances in dopamine, serotonin, the
cholinergic system, and the noradrenergic system. Dopamine (DA) plays numerous
roles in cognition, attention, executive function, and memory. The dopaminergic
response to TBI is complex owing to the numerous areas of DA activity including
the prefrontal cortex [76], hippocampus[77], and striatum [78]. DA receptors, D1
and D2, are differentially expressed throughout these brain structures [79, 80] and
also fluctuate in expression levels in response to injury [81]. There is evidence that
genetic variability in DA receptors can influence outcome after concussion [82].
Several animal studies support a role for targeting DA dysregulation as a potential
pharmacotherapeutic target following TBI [83]. DA receptor agonists have been
evaluated clinically in the treatment of concussion with varying measures of



200 E. D. Hall et al.

success. Bromocriptine, a D2 agonist, has demonstrated some benefit in working
memory in concussed patients, while Pergolide, a D1/D2 agonist, had even greater
effect [84]. Other clinically evaluated DA agonists also include amantadine, which
has shown to improve cognitive processing and functional improvement [85].
Amantadine facilitates the presynaptic release of DA while inhibiting its uptake,
effectively increasing the concentration and duration of its neurotransmitter effects
[86, 87]. Amantadine is also a weak NMDA receptor antagonist that may confer
some limited neuroprotection following trauma [87].

Post-traumatic headache is one of the most frequently reported symptoms fol-
lowing concussion and can persist for months after injury [88-90]. Metoclopramide
is a dopamine and serotonin receptor antagonist that has been shown to reduce
headaches [91, 92], but there is no evidence to support a rationale for its use in
mTBI. The antagonism of DA runs counter to several studies in which agonism of
DA improves symptom reporting following concussions.

The cholinergic system drives sensory processing [93], attention [94], sleep [95],
arousal [96], and memory [97]. To date only one randomized control study [98] and
one open-label study [99] have examined modulation of the cholinergic pathways
with some success. In the RCT trial, galantamine did not confer an improvement in
primary outcome (cognitive symptoms) but was associated with an improvement in
secondary outcomes (episodic memory) relative to placebo [98]. Galantamine, a
competitive inhibitor of acetylcholinesterase, prevents the breakdown of acetylcho-
line, thereby increasing the synaptic presence and duration of the neurotransmitter
[100]. Given the extensive axonal projections of dopaminergic [101] and choliner-
gic neurons [102] to major structures throughout the brain, and the seemingly ben-
eficial effects of pharmacological modulation of these pathways, it seems logical
that future pharmacological initiatives should address concussion from the perspec-
tive of axonal injury in these neuronal subpopulations.

Extrapolation of potential drug effectiveness in concussion is based on the treat-
ment of other neurodegenerative disorders, psychiatric conditions, or more severe
forms of brain trauma. Many pharmacological agents have pleiotropic effects across
a variety of receptors and signaling systems and in this regard target numerous path-
ways simultaneously. Methylphenidate, for example, is a compound used in the
treatment of attention deficit hyperactivity disorder (ADHD) [103] through target-
ing dopaminergic and noradrenergic pathways by increasing the synaptic concen-
tration. This is achieved by inhibiting uptake of serotonin and dopamine in the
synaptic cleft [104]. Its application to treat impairments in executive function and
depression demonstrates some promising potential in TBI [105]. However, this
recent study by Al-Adawi et al. is hampered by similarly recurring pitfalls in many
pharmacological TBI trials. These include open-label applications (i.e., no double-
blinded experimental design or control group), small sample size, as well as a het-
erogeneity of injury severities. The multimodal activity of pharmacological
compounds and the interpretation of their effects on concussion outcome are com-
plicated by the complexity of the brain. Fluoxetine, a selective serotonin reuptake
inhibitor (SSRI) which is commonly used in the treatment of depression, also dem-
onstrates effectiveness in motor recovery after stroke, improved memory and
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cognition in Alzheimer’s disease patients, a decrease in tremor severity in Parkinson’s
patients, and improved outcome in a host of other neurological disorders including
multiple sclerosis and epilepsy [106]. Similarly, clinical trials with other SSRIs
including sertraline [107, 108] and citalopram [109] have also demonstrated
improvements in the treatment of depression. Animal studies point to numerous
pathways of activation by these compounds including effects on plasticity through
BDNF upregulation [110] and neurogenesis [111]. In animal studies, fluoxetine’s
effects on depression also suggest a role in reducing neuroinflammation [112].
While imaging of neuroinflammation in mBTI patients has recently been demon-
strated [113], understanding the role of inflammation in development of post-
concussive symptoms and neurodegenerative diseases such as chronic traumatic
encephalopathy (CTE) is in its infancy. Collectively, pharmacotherapies may influ-
ence both cognitive and psychiatric outcomes simultaneously. Determining the
interdependence of these systems remains a challenge in study design.

The use of cannabidiol (CBD) has gained recent attention as a potential treat-
ment for concussion and mild TBI. Patients in the acute post-concussive phase
report reduced symptom severity scores with cannabis use [114]. CBD receptors are
expressed widely throughout the brain. Two receptors have been identified to date,
cannabinoid receptor 1 and receptor 2 (CB1 and CB2, respectively) 115. CB1 is
mainly expressed in axons and synaptic terminals while CB2 is highly expressed in
microglia [116]. CBD has been implicated in several in vivo and in vitro studies to
influence various aspects of cellular signaling including activity of the blood—brain
barrier, dopaminergic agonism, neurogenesis, neuroprotection and immune modu-
latory effects [117]. It is also known to interact with a variety of receptors in the
CNS with implications for modulation of symptoms following concussion. Among
these, the serotonin receptor, SHT 1A, has a high affinity for CBD as an agonist and
has potential roles in reducing pain, anxiety, and headaches [118]. Similarly, CBD
is a weak agonist for the vanilloid receptor, TRPV1, a ligand-gated ion channel
involved in nociception and is expressed pre-synaptically on afferent neurons and
sensory ganglia [119].

Neuropsychiatric conditions have been studied through several large, random-
ized control trials of various drugs including amantadine [120], rivastigmine [121],
and sertraline [108]. These compounds have demonstrated effects on irritability,
cognitive impairment, and depression, respectively. In all cases, however, the pla-
cebo treatment groups also demonstrate a considerable effect on outcome. In the
amantadine trial, an improvement in irritability outcomes with drug treatment was
also paralleled by a significant effect in the placebo group. This potentially masked
the true biological effects of amantadine [120]. The rivastigmine trial demonstrated
some benefit on cognitive outcome. However, inclusion criteria for TBI patients
with GCS ranges from 3 to 15 imply heterogeneous pathophysiologies across injury
severities which further complicates the interpretation of rivastigmine’s actions at a
mechanistic level. In all these studies, the significant contribution of placebo effects
on improving outcome compared to medicated groups demonstrates the importance
of psychological and neurobiological input on pharmacotherapeutic activity [122].
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Chapter 10
Sex, Gender, and Concussion

Angela Colantonio

Introduction

Concussion is the most common form of “mild traumatic brain injury” (mTBI). It is
estimated that 42—45 million people sustain a mild traumatic brain injury (mTBI) in
the world annually. These injuries account for up to 75 to 90% of all traumatic brain
injuries (TBI) [1]. There is a growing body of literature documenting both sex and
gender influences relevant to concussion that has historically not been given suffi-
cient attention. The lack of literature in this area affects the ability to inform clinical
practice. To date, clinical guidelines on concussion have not systematically
addressed any considerations of sex and gender [2].

This chapter outlines examples of sex and gender considerations with respect to
concussion, rather than an exhaustive review of the literature. This article utilizes
the Canadian Institutes of Health Research [3] definitions for sex and gender
whereby sex refers to the biological and physiological characteristics that distin-
guish males from females and gender refers to the “socially constructed roles,
behaviors, expressions and identities of girls, women, boys, men, and gender diverse
people.” Although sex (male/female) and gender (men/women) are both commonly
discussed as discrete and binary concepts, they have been acknowledged as both
fluid and dynamic and are interrelated [3]. These constructs, however, are often used
interchangeably in the literature. At the same time, their influence on health status
is often difficult to deconstruct [4].

Preclinical data have been dominated by research on male rodents/animals.
While similarities exist, these data may not necessarily be generalizable to females.
Further, because historically TBI in general differentially affects men, research has
been largely based on male-dominated samples. There are, however, known sex

A. Colantonio (<)

Department of Occupational Science and Occupational Therapy, University of Toronto,
Toronto, ON, Canada

e-mail: angela.colantonio @utoronto.ca

© Springer Nature Switzerland AG 2022 209
T. A. Schweizer, A. J. Baker (eds.), Tackling the Concussion Epidemic,
https://doi.org/10.1007/978-3-030-93813-0_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-93813-0_10&domain=pdf
https://doi.org/10.1007/978-3-030-93813-0_10#DOI
mailto:angela.colantonio@utoronto.ca

210 A. Colantonio

differences throughout the brain in both neural anatomy and function and this
research is rapidly growing [5]. Further, the World Health Organization (WHO) has
identified gender as a determinant of health, given the unequal opportunities that
girls and women experience globally [6]. Concussion rates vary by gender and have
disproportionately affected boys and men. At the same time, gender considerations
are typically not systematically integrated into research studies of prevention and
treatment [7].

To fully appreciate the complexity of considering sex and gender in concussion,
it is important to understand epidemiological trends at the population level. There
are important differences in concussion rates across the lifespan that vary by sex and
context. This chapter provides some general estimates and touch upon the influence
of sex in concussion in the context of sports, vulnerable populations, violence, and
workplace injury.

Concussion Rates

Research has found that, overall, rates of concussion/mild traumatic brain injury are
higher among males, when considering the entire population across the life span.
Rates based on emergency room visits have been found to be highest in males
4 years old and younger — the youngest age group — who are primarily injured due
to falls. Brain injury rates among males also spike in adolescence and young adult-
hood, when motor vehicle crashes are more common. This is largely attributed to
risk-taking behavior, particularly among boys/men at this stage in life [8].

There is an increase in concussion incidence rates again in older adults, mainly
attributable to falls. However, unlike the younger age group, the highest rates for
mild TBI have been found among older women [9]. Overall, half of Medicare popu-
lations in the United States were female. A study of home care recipients with a TBI
diagnosis in Canada also showed that clients were predominantly female [10]. In
North America, older adults are the fastest growing segment of the population with
larger numbers of women affected by concussion, making sex and gender differ-
ences in TBI a growing concern. To date, there are no concussion guidelines specifi-
cally for older adults, unlike pediatric and adult populations overall.

The rate of reported concussion and mild traumatic brain injury has increased
dramatically over the last decades, with the greatest increases among young women.
One Canadian study of emergency room and physician visits showed a 6.3-fold
increase in rates for female children and adolescents versus a 3.6-fold increase
among boys. This may be because girls are participating more frequently in higher-
risk activities like sports [11]. A population-based study of over 90,000 patients
with a first concussion-related emergency department (ED) visit in Ontario, Canada,
over a 10-year period (March 2003 to December 2011) also showed a dramatic
increase among females particularly through sports-related injury. There was an
83% increase versus 19% increase in numbers of concussions among males over
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this 10-year period [12]. Clearly, this increase in rates of reported concussions needs
to be investigated further, which involves sex and gender considerations.

Concussions in the Workplace

In the labor context, reported concussion rates have increased dramatically among
persons injured at the workplace and involve more female workers sustaining mod-
erate to severe injuries. Some sectors such as education, healthcare, and government-
related occupations have higher rates of injury for women [13-15]. Additionally,
there is an emerging body of literature on sex differences in military populations,
given the increasing numbers of women obtaining employment in this workforce
sector. Post-concussion syndrome is more commonly reported among women
employed in the military, and it is reported that these women exhibit a different
constellation of symptoms than their male counterparts [16]. Female veterans with
mild TBI report more somatosensory or vestibular symptoms and experience a
broad range of nonspecific symptoms (e.g., nausea, fatigue, disturbances in sleep
and appetite) that are less frequently reported by male veterans. Differences in
chronic pain reporting also exist; male veterans tend to report low back pain,
whereas female veterans are more likely to report headache and depression follow-
ing TBI. In terms of psychiatric sequelae, a higher incidence of post-traumatic stress
disorders (PTSDs) has been found among female veterans [16].

Concussions in Vulnerable Populations

Among marginalized populations, such as groups who are incarcerated, are involved
with the justice system, or are homeless, rates of TBI overall tend to be higher in
males [17]. Assault as a mechanism of injury is the most likely cause of TBI within
marginalized groups, when compared to the general population [18]. The literature
has primarily focused on TBI across all levels of severity without a specific focus on
concussion. However, mTBI was the most common form of TBI overall in these
studies. Sex differences in these studies include women reporting more adverse
early-life experiences than males or incarcerated persons without TBI and being
more likely to have had a TBI prior to contact with the justice system [19].

Assault as a mechanism of injury is more common in marginalized populations,
which includes instances of intimate partner violence (IPV). This mechanism of
injury and context has been overlooked in the concussion literature. It is estimated
that 1 in 4 North American women have been affected by IPV, and the majority of
injuries are hits to the head, face, and neck. These injuries tend to be repetitive and
occur over a prolonged period of time. While there have been no national studies on
this topic, commonly cited rates of injury are from 30 to 74% or higher [20, 21]. We
may assume these are underestimates, given that most of these injuries are likely not



212 A. Colantonio

reported. For example, one study found that none of the women with identified
brain injury sought out care [22]. Most of the studies examining prevalence of TBI
related to IPV rely on smaller samples [23]. Because these studies are frequently
based on shelter populations, less is known of concussion in the general population
experiencing IPV. Screening instruments for TBI are typically not validated for this
population, which requires a more tailored approach due to the nature of these inju-
ries. Further, TBI has been identified as a considerable knowledge gap among front-
line providers working with abused women [20].

More generally, it is difficult to get accurate numbers of persons who sustain
concussions for many reasons. Because loss of consciousness is not required for the
diagnosis of concussion, some individuals may not realize that they have sustained
one. Not everyone affected by concussion seeks care, and as such, data sources that
rely on contact with the health care system will miss these injuries. Further, concus-
sion can be underdiagnosed, or missed in emergency rooms or other contexts, as
some of the symptoms may overlap with conditions such as post-traumatic stress
disorder and neck injuries. Sex- and gender-specific biases, such as concussion edu-
cation biases, add to the complexity in diagnosing concussions. These biases are
discussed in detail in a later section on sex differences in concussions.

Other Sex Differences

Epidemiological studies have also identified comorbid conditions that can vary by
sex at time of injury. For instance, a large population-based study of concussions
reported in the emergency room identified comorbid neck injury to be significantly
higher among females across mechanisms of injury. This difference was not found
in the youngest and oldest age groups, suggesting co-occurring injury is reported
mostly during a woman’s childbearing years. Hence, the interaction with age in the
evaluation of many sex differences reported needs to be seriously considered when
making assessments of similarities and differences [12].

The paucity of sex-stratified data has also extended to research on prognosis after
mTBI/concussion. Based on a review of over 200 studies from 1980 to 2012, it was
shown that only 7% of studies that recruit both sexes report sex-stratified results
regarding mTBI prognosis [24]. This review, which reanalyzed results from a previ-
ously published report without sex stratification, showed that no sex differences
were found for risk of dementia, primary brain tumor, return to work, or post-
traumatic stress syndrome. Females were found to have a higher risk of suicide and
epilepsy in the children and young adult populations, while males were found to be
at a higher risk of schizophrenia.
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Concussions in Sports

A large number of studies addressing sex differences in concussion have looked at
sports-related injury. In some games with similar rules, the rates of concussion are
higher among girls and women. One large study of college athletes found that
females had a 1.4 times higher overall concussion injury rate than males in sex-
comparable sports such as soccer, basketball, and baseball [25]. A review of 101
articles published by June 2016 found some evidence to support that females in
teenage years may be more vulnerable for symptoms that persist more than one
month than boys based on large-scale observational studies after sports-related con-
cussion [26]. Other reviews have concluded that females report a greater number
and more severe and persistent symptoms compared to males [27, 28]. Female ath-
letes have been found to score better on verbal memory and motor processing speed.
However, females reported more sleep and emotional and cognitive symptoms com-
pared to male athletes [29]. However, there are inconsistent findings with respect to
the distribution of symptomatology by sex. Sex differences have not been found
consistently with respect to other functional outcomes such as disability and com-
munity integration in other non-sports-related populations after mild traumatic
brain injury [30-32].

Sex Differences in Concussions Explained

Biological Factors

Studies have provided both biological and socio-cultural explanations to explain
differences in incidence and outcomes by sex — largely in sports-related popula-
tions. Differences in neck musculature, for instance, have been proposed to explain
the higher incidence with similar exposures through sports [33]. Girls and women
generally have less isometric neck strength, neck girth, and head mass, resulting in
lower levels of head/neck segment stiffness. This may make them more susceptible
to rotational forces after a blow to the head. One study found that for every pound
increase in neck strength, odds of concussion decreased by 5% [34].

Females experiencing concussions have also been found to experience more
comorbid mental health conditions such as anxiety and depression including pre-
injury [35]. Pre-existing mental health conditions such as anxiety and depression
are associated with poorer outcomes [2]. The higher prevalence of these conditions
in females overall could be an important factor in influencing post-concussion
outcomes.

Hormonal differences among men and women may also play arole. Progesterone —
known as a female reproductive hormone — varies throughout a female’s reproduc-
tive cycle with higher levels associated with better concussion recovery [36, 37].
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There is some evidence to suggest that menstrual phase at the time of injury may
affect outcomes. Because women exhibit poorer outcomes when they are injured
during the luteal phase of their cycle, when progesterone is highest, it has been
hypothesized that this is the result of progesterone withdrawal [37]. Women injured
during the luteal phase also report poorer outcomes one month after injury. A more
recent study, however, did not find that menstrual phase was related to symptom
scores in the acute injury phase, at 1 to 2 weeks post-injury [13].

Menstrual cycle disruption has been reported as common after moderate to
severe traumatic brain injury [38], and more recently this has been reported after
concussion [39, 40]. Females between the ages of 12 and 21 had a significant
increase in the risk of multiple abnormal menstrual patterns after a sports-related
concussion compared with orthopedic injury. This disruption can be an indicator for
hypothalamic pituitary-ovarian axis functioning that is affected by concussion and
impacts progesterone levels [39].

Researchers have also begun to examine to what degree medications such as
birth control may account for sex differences. One study of 90 collegiate var-
sity athletes found that non-contraceptive users had higher symptom severity
than contraceptive users. Those using contraceptives may experience less fluc-
tuation in progesterone levels [41]. However, one study found that reported use
of birth control was associated with poorer symptoms scores 2 weeks post-
injury [13].

With respect to structural differences in the brain, female axons have been found
to be smaller and more susceptible to injury [42, 43]. More recently, Dolle et al. [43]
have reported that female axons consistently have fewer microtubules than male
axons and as such are at a greater risk of failure during trauma.

Structural differences in the brain by sex may also influence function and con-
cussion outcomes. For instance, compared to females, the male corpus callosum
has larger fibers and a larger cross-sectional area. Females tend to utilize both
hemispheres of the brain for a majority of tasks, while there are more intra-
hemispheric connections among males. Because women are more likely to utilize
inter-hemispheric connections, strain in the corpus callosum area, which is the
channel for inter-hemispheric connections, may have a greater impact on females
[44, 45].

Gender or Socio-Cultural Factors

Other explanations for differences in outcomes by sex are related to gender or socio-
cultural factors. These include proposed differences in symptom reporting which
show that overall, females are more likely to seek out care [46]. It is thought that
girls and women are more likely to be honest and to report symptoms more fre-
quently than boys, although this has not been found to be consistent [47]. Conversely,
it is believed that boys and men underreport symptoms due to gender norms related
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to masculinity, which dictate that it is less socially acceptable for men and boys to
admit symptomatology and weakness [48, 49].

One study reported that the identification with male gender norms by both males
and females was most associated with playing through injury. It also identified gen-
der differences in concussion education, showing that female athletes were more
knowledgeable about concussion which is likely to affect reporting [50].

It has also been well documented that male depression is poorly understood.
Current measures of depression are more likely to reflect what is most expressed by
girls and women, which may not fully capture depressive symptoms in men [51].
Instruments developed to assess male depression have been developed but are not
routinely used. Treatment options based on what may be most acceptable for women
such as psychotherapy may not be preferred by men [49]. In a study of patient pref-
erences for care among more severely injured youth, treatment preferences were
found whereby males expressed a preference for improving their health through
physical activity and, as such, this may be a preferred option for recovery in this
cohort. In contrast, girls were more likely to report preferences for same-sex provid-
ers and appreciate the support of family [52].

Other environmental factors that relate to gender that should be considered are
whether girls receive differential coaching that may put them at risk of injury. In
addition, there is a question as to whether sports equipment and rules could be tai-
lored to prevent injuries that differentially affect girls and women. One example is
whether a different soccer ball should be considered given that the ball/head ratio is
larger for girls and women.

In studies of workplace injury, injured workers with persistent symptoms after
mild traumatic brain injury report that return to work was easier in more “feminine”
environments versus ones that were “masculine” or male dominated. The support
of coworkers was important for all injured workers [53]. In a study that modeled
pain after mild traumatic brain injury occurring at the workplace, different sociode-
mographic, injury related, behavioral and clinical variables emerged when sex
stratified analyses were employed which explained more variance separately than
when data were combined. Although this study reported no sex differences in pain
frequencies or severity, the study highlights the importance of the contribution of
sex- and gender-related variables in understanding the multi-dimensional construct
of pain which is frequently associated with concussion and post-concussion syn-
drome [54].

In focus groups conducted among women with brain injury, women reported
feeling dismissed when being seen by clinicians [55]. Research indicates that expec-
tations of recovery are predominantly based on the experience of males, and this
may influence the expectations of healthcare providers serving women. It may be
that females express themselves differently than males [56]. A better understanding
of the gendered experience of concussion may lead to better care and a more tai-
lored approach [55].

There are many questions that arise from the literature to date that can inform
clinical practice. For instance, if neck musculature is a factor in concussions,
would greater attention to neck strengthening in girls and women be associated
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with fewer concussions? If risk-taking behavior is associated with male gender
norms and masculinity, should prevention and treatment messages aim to influ-
ence culture, reduce injuries, and improve men’s and boy’s health-seeking behav-
ior? Finally, there may be sex- and gender-specific preferences for care which
have yet to be thoroughly investigated. Testing the effect of integrating patient
preferences which are sensitive to sex and gender is another important area of
investigation.

Moving Forward

Currently, no interventional studies have evaluated concussion management
approaches which explicitly consider sex and gender. The Canadian Institutes for
Health Research is funding an ongoing interventional study that aims to assess how
the use of sex- and gender-focused educational materials may result in better TBI
outcomes, including concussion, and to subsequently inform guidelines. This ongo-
ing, integrated knowledge transfer study benefits from the perspectives of patients,
caregivers, and service providers across the gender spectrum, who are informing the
development of knowledge transfer materials [57].

It is very important for clinicians to recognize that there is increasing demand
from end-users for concussion treatment that considers sex and gender. An exam-
ple of this demand for gender-specific information and care was the establishment
of the international task force on girls and women with acquired brain injury. After
the first international workshop on women and TBI in 2010, at the request of
Marilyn Spivack, founder of the Brain Injury Association of America, this task
force was formed through the American Congress of Rehabilitation Medicine
[58]. This international group of researchers, clinicians, patient ambassadors, and
advocates has been meeting monthly for over 8 years. The task force produced a
first-of-its-kind special issue in the Archives of Physical Medicine and
Rehabilitation, entitled “Sex, Gender and Traumatic Brain Injury.” This issue was
guest-edited by Dr. Angela Colantonio [7]. Some leading advocacy groups such as
Pink Concussions, the first non-profit addressing research and education in brain
injury, have raised awareness internationally for the need for this research. This
organization has mounted numerous summits and conferences and hosts support
groups for thousands of women who are seeking sex and gender information
(www.pinkconcussions.com).

There are a number of other encouraging developments. Since this first work-
shop on women and TBI in 2010, there are now several conferences a year that
address this topic internationally. The National Institutes of Health recently funded
a 2-day free workshop entitled Understanding Traumatic Brain Injury in Women,
with leading experts. Results of this 2017 workshop are freely available online.
Federal funding agencies in North America and Europe now call for mandatory
items on grant applications that address sex and gender, and an increasing number
of journals are indicating that manuscripts should address sex and gender [59]. In
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Canada, the Status of Women Canada has recently launched a concussion video, Sex
and Gender Considerations in Concussion Care. This video takes an intersectional
approach by extending sex and gender to include other factors such as age, ethnicity,
and socioeconomic status [60].

Sex and gender are seminal factors to include in research studies, but the inter-
section of other factors is also clearly important. Nature Reviews Neurology recently
published a review relevant to our ongoing research entitled Traumatic brain injury:
Sex, gender and intersecting vulnerabilities [30]. This review addresses sex and
gender considerations across all levels of severity with a focus on marginalized
populations and is a resource for the reader. This review offers a comprehensive
model by which to understand risks and protective factors related to sex and gender,
which considers a multitude of factors. As the diagram below demonstrates, it is
virtually impossible to delineate all the factors, yet it remains important to consider
a broad range of potential contributors (see Fig. 10.1).

Some considerations for clinicians are captured in the following questions,
which can be asked by those involved in concussion care. To what extent has con-
cussion research included sex and gender and what are the study contexts? Are
studies biased toward one sex/gender or is there equitable representation? Do the
analyses and discussion reflect sex and gender considerations? Are there biological
factors that inform care such as propensity for comorbid conditions by sex? What
gendered considerations are important? To what extent can treatment plans address
gender identities? Are prevention and management communications presented in
ways that are gender inclusive? Also important is to consider concussion in specific

Research scope to date — risk and protective factors
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Fig. 10.1 Scopes and limitations of TBI studies. The figure summarizes the scope of studies to
date that have explored sex, gender, and intersecting vulnerabilities in the context of traumatic
brain injury (TBI). The figure also lists potential sources of heterogeneity of study results, which
must be considered in future studies to help us better understand the protective and risk factors
associated with sex and gender. (Reprinted from Mollayeva et al. [30]. With permission from
Springer Nature)
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contexts. For example, to what extent are concussions captured in contexts that are
prevalent across genders? How can screening measures be made appropriate for the
intimate partner context or other contexts, for instance, versus that of sports?

Much of our current literature is based on sports and therefore based on a younger
and more fit population. More research must be conducted on a broader range of
populations affected, including more marginalized populations, and across the age
continuum. It is critical to note that there is virtually no information on concussion
in gender diverse individuals. Clinical intake and research studies more commonly
provide opportunities to report non-binary gender identities. The extent to which
research on persons who identify as men or women is generalizable to non-binary
gender identities needs further exploration.

Overall, it is important for clinicians to keep informed of the rapidly growing
area of sex and gender considerations in TBI research. This information should be
integrated in health care curricula and continuing education materials. Such
resources are available for instance on both the CIHR and NIH websites.
Understanding sex and gender-based differences, as well as similarities, is founda-
tional to good science. It helps us inform more tailored approaches to concussion
prevention, management, and education. Further, in Canada, this approach is con-
sistent with Health Canada’s Sex and Gender Action Plan which aims to integrate
sex, and diversity considerations into all the work of Health Canada [61-63].
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Chapter 11
Chronic Traumatic Encephalopathy

David G. Munoz and Ian R. Mackenzie

Historical Introduction

The concept that repeated trauma to the brain can lead to progressive neurological
deterioration was a late development in medicine, considering that the clinical obser-
vation was probably available since classical times. In 1928, Markland described in
a letter to the Journal of the American Medical Association (JAMA) what he called
punch-drunk syndrome in boxers [1]. Several names were provided for the condi-
tion. Probably the most common at the time was dementia pugilistica [2], but it was
Critchley [3] who coined the term chronic traumatic encephalopathy (CTE) that
eventually became the standard nomenclature. The pathological basis of the condi-
tion was not understood until 1973 when Corsellis and his colleagues [4], working in
Wickford, Essex, North London, UK, provided a detailed description of the findings
in the brains of 15 elderly retired boxers. The gross findings were not surprising and
included old contusions, widespread atrophy with enlarged ventricles and thinning
of the corpus callosum, and cavum septum pellucidum. Neuronal loss and gliosis
were identified on microscopic exam, as expected in the affected areas. Somewhat
less expected was the observed depigmentation (loss of the normal black color) of
the substantia nigra. However, the main surprise was the finding of abundant
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neurofibrillary tangles in the hippocampus, basal temporal cortex, and also the fron-
tal and lateral neocortices. Neurofibrillary tangles are intracytoplasmic flame-shaped
inclusions in neurons, originally demonstrated using silver stains. They were known
to occur in Alzheimer’s disease and other neurodegenerative diseases, including pro-
gressive supranuclear palsy, post-encephalitic parkinsonism, and peculiar parkinson-
ism dementia complex affecting the native population of the island of Guam. The
detailed morphological studies of Patrick Hof, a Swiss immigrant to the USA (first
San Diego and then the New York City), and his colleagues established in 1992 that
the distribution of the neurofibrillary tangles in dementia pugilistica was different
from that of Alzheimer’s disease [5]. The tangles predominantly affect the deep lay-
ers of the cortex in Alzheimer’s disease, whereas the superficial layers were prefer-
entially involved in dementia pugilistica, a pattern similar to that seen in
post-encephalitic parkinsonism and Guam parkinsonism dementia. The discovery
that the microtubule-associated protein tau was the main component of the neurofi-
brillary tangles of Alzheimer’s disease opened the door to the use of immunohisto-
chemistry, which provided a much greater resolution for the study of distribution.
Using tau immunohistochemistry, Geddes and colleagues made three additional
critical observations: the clustering of neurofibrillary tangles around blood vessels;
the predominant involvement of the depth of sulci; and the fact that involvement of
the cerebral neocortex preceded the involvement of the hippocampus [6, 7].

During this period, it became clear that the condition was not limited to profes-
sional boxers, as it was described in a woman who was beaten frequently for much
of her life [8], as well as a young woman with head-banging behaviors secondary to
autism [9]. Nevertheless, CTE remained an obscure medical condition until public
interest was awakened by the finding of the condition in former players in the
National Football League reported by Omalu and his colleagues [10, 11]. However,
it was not until the careful systematic studies of the Boston neuropathologist Ann
McKee starting in 2009 that an understanding of CTE as a distinct entity could
develop [12]. A critical tool for the advance was the systematic use of whole hemi-
brain sections pioneered by Heiko and Eva Braak [13], which combined with free-
floating immunostaining of sections much thicker than the 5 pm histological
standard allowed the visual detection of the distribution of lesions.

At present, CTE is a condition defined by its neuropathology in combination
with a history of repeated head trauma. The neurological manifestations are diverse.
In this chapter, we will examine first the features of the neuropathology that charac-
terize CTE, followed by the associated clinical presentations and the possible con-
tribution of cerebral trauma to common neurodegenerative conditions.

Neuropathology of Chronic Traumatic Encephalopathy

The contemporary concept of CTE is based on the abnormalities detected at the
light microscopic level, in contrast to the gross abnormalities emphasized in the
original reports of Corsellis et al. in former boxers [4]. The critical finding of CTE
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is the deposition of insoluble tau in neurons and astrocytes in specific patterns. The
tau proteins in neurons consist of a mixture of four repeat and three repeat isoforms
(4R and 3R tau, respectively) similar to that seen in Alzheimer’s disease [14]. Such
mixture of 3R/4R tau isoforms is also observed in several other conditions, includ-
ing parkinsonism dementia of Guam, but not in other diseases with neurofibrillary
tangles such as progressive supranuclear palsy or cortical basal degeneration,
(where 4R tau predominates) or classical Pick’s disease (3R tau). Detailed analysis
of posttranslational modifications of tau has shown not only several additional simi-
larities with Alzheimer’s disease but also some differences, including the abundance
of the tauC3 epitope, corresponding to tau truncated at D421 [15], and a novel tau
filament fold [16]. In contrast to the neuronal tau, a marked predominance of 4R
isoforms is present in the astrocytic tau deposits in CTE, a finding common to all
conditions with glial tau deposits, including multiple forms of frontotemporal lobar
degeneration, as well as aging-related tau astrogliopathy (ARTAG) [17, 18].

The picture that emerges from these observations is that the distinct features of
CTE as currently understood are found neither in the gross pathology nor in the
molecular characteristic of the proteins involved, but in the distribution of the
lesions. The tau deposits take the morphology of neurofibrillary tangles accompa-
nied by neuritic threads and dots, and astrocytic tangles (Fig. 11.1). A study

Fig. 11.1 Cerebral cortex of a patient with CTE immunostains for tau protein using antibody ATS.
(a) The main lesions demonstrated are neurofibrillary tangles (blue arrow), pre-tangles (red arrow),
and dystrophic neurites (green arrow). (b) The distribution of lesions is patchy. In the low power,
an area of high density has been outlined by the blue dotted line. (¢, d) Under medium microscope
power, an area of low lesion density (c) is seen in contrast to an area of high lesion density (d)
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involving 68 cases established the hierarchical pattern of development of lesions,
following the approach initially used by Braak and Braak for the staging of
Alzheimer’s disease [19]. The lesions of CTE develop first at the depth of sulci in

=2 ; 18

Fig. 11.2 The bottoms of sulci are a major point of accumulation of lesions (a and b). Under high
power (¢) many of the immunostained cells can be identified as astrocytes by their radiating pro-
cesses morphology (inset, blue arrow)
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the cerebral cortex, usually including the frontal, parietal, or temporal, but not the
occipital, lobes (Fig. 11.2a, b). Such neocortical involvement in the absence of hip-
pocampal pathology is in sharp contrast with the usual development of tau pathol-
ogy in aging and Alzheimer’s disease, where the hippocampus and entorhinal cortex
are affected well in advance of the neocortex. The cortical lesions first appear at the
depth of sulci and are centered by small blood vessels (stage I). They may be accom-
panied by separate glial clusters of thorny astrocytes [20] (Fig. 11.2c). In stage 11
not only are three or more foci present as described above, but also neurofibrillary
tangles are located both along sulcal walls and at the crest of gyri, always occupying
the superficial cortical laminae. In addition, neurofibrillary tangles are observed in
the nucleus basalis of Meynert [21], just ventral to the globus pallidus and the ante-
rior commissure, and the noradrenergic locus ceruleus in the dorsal pons. Stage I1I
is characterized by the confluence of cortical lesions accompanied by the appear-
ance of neurofibrillary tangles in the hippocampus, in a pattern somewhat different
from that of aging and Alzheimer’s disease, in that the CA4 and CA2 sectors are
involved along with the CA1 sector [22] (Fig. 11.3). Other medial temporal lobe
structures, including the entorhinal cortex and the amygdala, also become affected.
Neurofibrillary tangles also appear in the olfactory bulbs, the dopaminergic substan-
tia nigra, and the serotoninergic medial raphe. Finally, in stage IV, the neuronal and
glial tau pathology is widespread and dense throughout the cerebral cortex, and
neurofibrillary tangles appear in other locations, including the thalamus, dentate
nucleus of the cerebellum, and spinal cord (Fig. 11.4).

Other pathologies develop concurrently with the tauopathy. Axonal degeneration
is manifested by varicosities demonstrable with neurofilament stains and found in
subcortical and deep white matter, as well as the deep layers of the cerebral cortex.
This is accompanied by myelin pallor and degeneration [23]. In many severe cases
of CTE, TDP 43, the protein associated with most cases of amyotrophic lateral
sclerosis (ALS) and approximately half of the cases of frontotemporal dementia, is
present in the form of deposits in the cytoplasm of neurons and glial cells, and both
dot-like and thread-like neurites involving the cerebral cortex, hippocampus, dien-
cephalon, brainstem, and even spinal cord [24]. The inclusions in the granular cell
layer of the dentate gyrus in the hippocampus, as well as the preferential involve-
ment in layer 2 of the cerebral cortex, are reminiscent of the distribution of lesions
in the subtypes of frontotemporal lobar degeneration associated with TDP 43 [25].

Amyloid deposits in the form of diffuse plaques are not part of the early stages
of disease. While they have been observed in later stages, it is not completely clear
to what degree amyloid deposits occur as part of the normal aging process [26]. As
could be expected, they are more commonly observed in carriers of the APOE E4
allele. In any case, their presence is associated with the increased development of
both tauopathy and Lewy body formation.

It is only in the severe stages (III and I'V) that gross pathological features become
evident. The most obvious ones are enlargement of the lateral ventricles and third
ventricle, with cavum septum pellucidum. This is accompanied by relatively subtle
cerebral atrophy predominantly affecting the frontal and temporal lobes. The other
distinctive lesion is the depigmentation of the substantia nigra. Atrophy of the mam-
millary bodies is another recognizable feature.
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Fig. 11.3 (a) Tau immunostain of the hippocampus, demonstrating numerous neurofibrillary tan-
gles in the CA2 sector. (b) Subcortical neurofibrillary tangles are identified by tau immunostaining
in the oculomotor nucleus in the mid brain
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Fig. 11.4 Subpial (a) and subependymal (b) accumulation of tau immunoreactivity material, pre-
dominantly in astrocytes, best seen at higher magnification as shown in the inset
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Diagnostic Criteria

The location of tau deposits in neurons and astrocytes constitutes the basis of the
McKee criteria for the neuropathological diagnosis of CTE, originally published
in 2013 [27]. The criteria used, obviously applicable postmortem only, are the
perivascular, depth of the cerebral sulci, and superficial layer preferential distri-
bution of the lesions, with clusters of subpial astrocytic tangles as a supportive
feature. A consensus conference in 2016 basically endorsed these criteria, add-
ing as supportive features the preferential involvement of sectors CA2 and
CAA4 in the hippocampus, the presence of neurofibrillary tangles in multiple sub-
cortical nuclei, and the appearance of large grain-like and dot-like tau immuno-
reactive structures. In addition, the TDP 43 immunoreactivity in neuronal
cytoplasm and dot-like structures in the anteromedial temporal cortex, hippo-
campus, and amygdala were considered. The gross features of septal abnormali-
ties, atrophy of the mammillary bodies, and contusions were also incorporated
[28] (Table 11.1).

Table 11.1 Ceriteria for the pathological diagnosis of CTE

National Institute of Neurological Disorders and Stroke

Required
Phosphorylated tau aggregates
Cell types Tissue location
Neurons Depth of
cortical sulci
Astrocytes Around small
blood vessels

Supportive

Tau related

Cortex: neuronal tau deposits preferentially involving layers II and III

Hippocampus: neuronal tau deposits preferentially involving sectors CA2 and CA4

Subcortical nuclei: neuronal tau deposits involving mammillary bodies and other
hypothalamic nuclei, amygdala, nucleus accumbens, thalamus, midbrain tegmentum, nucleus
basalis of Meynert, raphe nuclei, substantia nigra, and locus coeruleus

Subpial and periventricular regions: phosphorylated tau immunoreactive thorny astrocytes
Phosphorylated tau immunoreactive large grain-like and dot-like structures

Non-tau related

Gross features: disproportionate dilatation of the third ventricle, septal abnormalities,
mammillary body atrophy, and contusions or other signs of previous traumatic injury

Immunohistochemistry: TDP-43 immunoreactive neuronal cytoplasmic inclusions and
dot-like structures in the hippocampus, anteromedial temporal cortex, and amygdala
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Clinical Syndrome

At this point there are no defined criteria for the clinical diagnosis of the manifesta-
tions of CTE. Traumatic encephalopathy syndrome has been the name proposed for
this condition, for which only glimpses can be obtained by retrospective examination
of the records of subjects who received a diagnosis of CTE at autopsy. However, this
is a highly biased sample, constituted mostly by former athletes with a history of neu-
rological impairment and the absence of comparable CTE negative cohort. With this
caveat, the following picture emerges [27, 29, 30]. Most subjects have a history of
repeated brain trauma, including concussions and sub-concussive injuries, in which
consciousness was not lost. There is usually a long silent period of multiple years
between the cessation of brain trauma and the appearance of the first symptoms.
Characteristically this includes mood disturbances, such as depression and anxiety,
and behavioral symptoms, such as poor emotional control, impulsivity, aggressive-
ness, and paranoia, which precede any cognitive changes. The latter affect functions
traditionally associated with the frontal lobes, including not only executive function
and processing speed but also memory. Motor symptoms occur in a subset of cases,
and include extrapyramidal abnormalities, including parkinsonism, and a syndrome
resembling amyotrophic lateral sclerosis, characterized by evidence of a combination
of upper motor neuron (spasticity) and lower motor neuron (atrophy and fascicula-
tions), resulting in severe weakness. The order of presentation is variable: in approxi-
mately two-thirds of cases, the amyotrophic lateral sclerosis symptoms precede mood,
behavioral, or cognitive changes, whereas in the remaining third, the order is reversed.
The correlation between pathological findings and clinical symptoms has been
studied by a few researchers [29]. In an examination of a neurodegenerative disor-
ders brain bank, almost one-third of the individuals with a history of repeated brain
trauma showed CTE, whereas not a single case was discovered among 198 individu-
als without a history of repeated brain trauma. However, in a study focused on
multisystem atrophy, CTE was found in slightly more than 5% of the brains, but
only half of them had a history of repeated brain trauma [31]. On the other hand, at
least 10% of individuals with pathological evidence of early CTE (up to stage III)
are asymptomatic [30]. Efforts are underway to obtain a diagnosis of CTE during
life, using approaches similar to those utilized in Alzheimer’s disease [32, 33]. One
ongoing clinical trial utilizes cerebral tau imaging using positron emission tomog-
raphy (Tau Imaging of Chronic Traumatic Encephalopathy — Full Text View —
ClinicalTrials.gov, no date), and another one a combination of structural and
functional imaging with biomarkers in cerebrospinal fluid, blood, and saliva (The
DIAGNOSE-CTE Research Project — Full Text View — ClinicalTrials.gov, no date).
In both trials, the subjects are current and former football players and controls, and
detailed classical neurological exams with enhancements such as gait and ocular
movement quantitative analysis are included. Presumably the physical signs will be
less susceptible to confounding factors, such as the athletes’ early retirement with
the accompanying loss of privileged status, frequent lack of emphasis on education,
and drug use. These studies should also be able to determine whether the traumatic
encephalopathy syndrome is progressive and if so at what average rate.


http://clinicaltrials.gov
http://clinicaltrials.gov
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Risk Factors

Contributing factors, other than repeated head trauma, must be important in deter-
mining who will develop CTE, since only some of the subjects receiving compara-
ble amounts of head trauma, as in team sports, go on to develop any evidence of the
disease. These factors are presently unknown, but most likely include genetic sus-
ceptibility and environmental influences. The question of whether a single severe
head trauma can result in CTE is not completely resolved, but appears unlikely. In a
pathological study of 33 individuals with a history of a single head injury, no cases
of CTE were identified [34].

Mechanisms

Three mechanisms have emerged as likely contributors to the development of CTE:
axonal injury, disruption of blood-brain barrier, and inflammation. The axonal
injury, manifested by the presence of axonal swellings as described above, must be
considered [23], but there are no clinical or experimental paradigms for the induc-
tion of tau deposition in response to cutting or crashing nerve fibers.

Disruption of the blood—brain barrier is suggested by the perivascular distribu-
tion of the lesions. Pathological evidence is provided by deposits of immunoglobu-
lin G and fibrinogen in the cerebral cortex, predominantly in the perivascular
distribution, observed in approximately half of the subjects after a single head injury
years before death [35]. In live subjects, diffusion tensor image has provided evi-
dence of blood-brain barrier disruption in college American football players, even
without a history of concussion [36].

Inflammation associated with CTE is manifested by changes in the density and
morphology of microglial cells, without infiltration by circulating inflammatory
cells [37]. In addition, the cerebral tissue levels of cytokine, CCL 11, are elevated in
CTE, but not in Alzheimer’s disease. Moreover, the levels appear elevated in cere-
brospinal fluid, raising the possibility of developing a biomarker for in vivo diagno-
sis of chronic traumatic encephalopathy [38].

Comorbidities

CTE’s association with other neurodegenerative diseases increases with age and
include Alzheimer’s disease, Lewy body disease, frontotemporal degeneration, and
amyotrophic lateral sclerosis. The critical question is whether these comorbidities
are secondary to CTE, due to a shared risk factor (e.g., repeated head trauma) or
simply coincidence.
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The presence of beta amyloid diffuse plaques is considered compatible with the
diagnosis of pure CTE, but the finding of a moderate to severe burden of neuritic
plaques implies the additional diagnosis of Alzheimer’s disease. In the presence of
Alzheimer disease, it may not be possible to reach a diagnosis of CTE in the cere-
bral cortex because the Alzheimer tauopathy would obscure the specific locations of
tau deposition in CTE (the depth of sulci and perivascular regions). In these cases,
the diagnosis of CTE may still be possible by demonstrating tau accumulation in the
form of neurofibrillary tangles in regions unaffected by Alzheimer’s disease, such as
the pulvinar nucleus, mammillary bodies, superior colliculi, basis pontis, and cere-
bellar dentate nucleus. Two important unresolved questions are whether CTE
increases beta amyloid deposition exceeding normal age-specific prevalence and
extent and whether repeated head injury may induce both CTE and, in susceptible
individuals, Alzheimer’s disease.

The association of repeated head injury with parkinsonism has been repeatedly
documented [39, 40] and dramatically illustrated in the case of Muhammad Alj,
who received a clinical diagnosis of Parkinson’s disease 3 years after he retired,
when he was a worldwide celebrity. How much of this clinical manifestation is due
to deposition of alpha synuclein in the form of Lewy bodies as opposed to the sub-
cortical tauopathy described earlier is less clear. There is some evidence that trau-
matic brain injury is associated with the formation of Lewy bodies, possibly in
relation to the development of CTE pathology [41].

Finally, a syndrome consistent with amyotrophic lateral sclerosis, dominated by
weakness and the combination of lower motor neuron (atrophy, fasciculations) and
upper motor neuron (spasticity) signs, develops in 6—-12% of subjects with
CTE. These cases often have more severe TDP 43 pathology. The sequence of
development of symptoms is not fixed; in some patients motor symptoms developed
years before cognitive and behavioral symptoms typical of frontotemporal demen-
tia, whereas in others the pattern is reversed.

Overall, the consensus is that, in addition to tau, other proteinopathies often con-
tribute to the neurological deterioration in CTE [42].

Experimental Models

A mouse model of CTE has been described with the most important feature being
progression after cessation of trauma. In this model, local deposits of insoluble tau
appear locally within 24 hours of trauma but spread to distant sites by 6 months, a
substantial proportion of a mouse life span. Thus, the mechanism of spread can be
considered the central question for future research. Prion-like template spread has
been experimentally demonstrated in a number of separate disease models, but
alternative processes may be operative, including increased production of tau or its
phosphorylated forms, as well as reduced clearing [43].
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Conclusion

CTE has been established as the pathological substrate (or at least one of the sub-
strates) of the neurological syndrome of progressive cognitive, behavioral, and
motor deterioration developing years after suffering repeated head trauma. Although
most commonly observed in professional athletes, it can also occur in other groups,
including the military [44] and the victims of domestic abuse [8].

A major unresolved issue is how common CTE is in the general population and
in particular among those participating in contact sports at the varsity or recreational
level. CTE provides a unique insight into neurodegenerative disease because it is
one of the few situations where the nature and timing of the environmental causative
factors is known, and there is a long interval between injury and appearance of the
lesions, providing excellent opportunities for further research.
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