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Injuries in athletics remain in the spotlight 
for many reasons. Healthy, young, vibrant 
athletes expect to participate forever in the 
activities they so love. This book focuses on a 
specific injury that continues to be nebulous 
but endemic to sport. Mild traumatic brain 
injury, or concussion, occurs with high 
frequency and in every sport. The 
understanding of the pathophysiology of 
concussion continues to develop; however, 
our ability to diagnosis, treat, and prevent 
such injury is far from complete. Tragically, 
we occasionally lose an athlete to injury or 
illness. This book is dedicated to Derek 
Sheely: a bright, talented young man who 
gave his life to the sport he loved as a result 



of a concussion. May we continue, as 
providers and researchers dedicated to 
athlete and patient welfare, in our quest to 
eliminate such heartache.

Wayne J. Sebastianelli, MD
Semyon M. Slobounov, PhD

Alexa E. Walter, PhD
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Foreword

 

In my neurology clinic, I saw a 16-year-old cheerleader who had suffered five con-
cussions. She dropped from an A student to a C student who needs special help. 
Another patient, a 12-year-old former cheerleader, after two concussions has had to 
drop back to the first-grade level in school.

Concussion in sport is a big deal. It is a common problem with consequences. 
There is the short-term issue of a period of time where the athlete cannot continue 
to play. But then there are longer-term issues of post-concussive symptoms includ-
ing increased sensitivity for subsequent concussions (second impact syndrome). 
And even though there is no obvious damage to the brain on routine neuroimaging, 
there may well be brain damage leading to reduction in cognitive abilities or even, 
in severe cases, post-traumatic encephalopathy. It is also a big deal for another rea-
son: it is a problem occurring in children and young adults, and concussion can 
change their lives forever. Of course, concussion can also occur with auto accidents 
and with war injuries, as well as in everyday life, and similar issues emerge; thus, 
studies of athletes can well be generalized to other situations.

With an acute injury, it is important to recognize that a concussion has occurred 
and determine its severity. There can be a variety of symptoms including difficulty 
in thinking, concentrating, or remembering; headache; nausea; dizziness; and 
imbalance. Clinical assessment can include drowsiness, disorientation, slow reac-
tion time, memory loss, difficulty with balance and coordination, and emotional 
lability. In post-concussion syndrome, all of these symptoms and signs can persist 
for variable periods of time.
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There are almost 3 million sports-related concussions annually in the USA. It is 
interesting to consider in what sports they occur. An informative paper by Marar 
et al. (Am J Sports Med 2012) looked in detail at the epidemiology of concussions 
in high school athletes. They reported on 1936 concussions in 7,778,064 athletic 
exposures. Boys’ football leads to the largest number of concussions with more 
exposures and with the highest rate overall. After that, in numbers of concussions 
comes girls’ soccer, boys’ wrestling, girls’ basketball, and boys’ soccer.

Thus, we are dealing with a common problem. But we certainly do not under-
stand it well enough. What is happening in the acute and chronic states? Why does 
sensitivity increase for subsequent concussions? There are clinical issues all along 
the recovery trajectory. What is the best way to recognize and grade the severity of 
concussion? When is it relatively safe to return to the sport? Is clinical assessment 
enough? Can laboratory testing help? Are there ways to prevent concussion? How 
should it be treated? All these topics and more are dealt with in the second edition 
of this book edited by Drs. Slobounov and Sebastianelli. They have enormous expe-
rience themselves at Penn State and have put together a distinguished group of 
authors to speak to the important issues in this field.

The second edition of this textbook is welcome since the science and knowledge 
in this field is advancing rapidly, and it is important to present updated topics. 
Moreover, there are new chapters dealing with the role of the playing surface, the 
role of biomarkers, and the advances in relevant basic science. In recent years, there 
have been major advances in neuroimaging and blood biomarker domains that have 
provided information about the nature of concussion but also helped with diagnosis. 
It is clear that the effects of concussion may last a very long time, but what does this 
mean for prognosis or for clinical decision making? Advice from the experts who 
wrote the chapters in this book is needed to begin to address these many questions. 
Many thanks to Drs. Slobounov and Sebastianelli for putting this all together.

This book should be of value to anyone dealing with persons with concussion—
and that is almost everyone.

Mark Hallett
Chief, Human Motor Control Section  

Distinguished NIH Investigator  
Medical Neurology Branch 

National Institute of Neurological Disorders and Stroke  
National Institutes of Health  

Bethesda, MD, USA

Foreword



ix

Athletics Foreword

 

The role of coaches and athletic administration in the management of sports-related 
concussion has changed drastically over the years. It used to be completely accept-
able for a player to “get their bell rung” and continue competing in practice or game 
scenarios. In fact, this type of competitiveness was heavily encouraged. As our 
knowledge and understanding of sports-related concussion has developed over the 
years, this mentality has also been forced to change. It is no longer acceptable from 
a coaching perspective to instill this type of attitude in players: the consequences 
can be too drastic. Historically, there has been pushback when coaches or players 
have publicly spoken out about safety concerns, new practice techniques, or rule 
changes. But thankfully, due to an increasing public awareness and a willingness to 
create change from within, this pushback has been significantly diminished.

The involvement of coaches and athletic administration in the management and 
prevention of sports-related concussion is crucial. Athletes participating in sports do 
it because they love it and have a passion for it: their long-term health should not 
have to be compromised because of it. Unfortunately, injury is unavoidable at times, 
but through knowledge and a willingness to embrace basic science, coaches have 
the ability to protect their players.

Here at Penn State, we pride ourselves on integrating sport, clinical, and research 
personnel – creating a team of individuals that in some way, big or small, have con-
tributed to a successful program. Success can be measured in many ways – athletic, 
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academic, or health – and we are grateful to all who have contributed and helped 
make Penn State a leading institution on sports-related concussion.

As researchers trying to solve a clinical problem affecting athletes, a strong part-
nership with coaching and athletic administration is fundamental; without this, 
timely access to injured athletes would not be possible. We collectively strive for 
success with safety.

Sandy Barbour
Vice President for Intercollegiate Athletics 

Pennsylvania State University  
University Park, PA, USA

Athletics Foreword
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Introduction

 Concussion in Athletics: Current Understanding from Basic 
Brain Science to Clinical Research

 Introduction

Participation in and enjoyment of sport has been a large part of culture in the United 
States. It is estimated that 45 million children participate in youth sports [1], 8 mil-
lion continue sport at the high school level, and approximately 480,000 continue at 
the college level [2]. Involvement in sport has proven to provide numerous physical, 
mental, and social benefits ranging from reduced body fat and increased bone 
health, to decreased symptoms of depression and anxiety, to better social skills and 
self-esteem [3, 4]. However, despite the numerous benefits of sport, over the past 
few decades there has been growing concern surrounding the overall brain health 
and well-being of participating athletes.

Sports-related concussion (SRC) has gained significant attention within the clini-
cal and basic brain research communities. With some researchers reporting 1.6–3.8 
million concussions occurring in sports [5], “mild concussions” account for 80% of 
all reported traumatic brain injuries [6]. The annual rate of diagnosed concussions 
over the past 10 years in high school sports demonstrated an annual increase of 
16.5% [7]. Despite advances in coaching knowledge and strategies, policy changes, 
and improved understanding of the mechanisms of SRC, the annual rate of this type 
of traumatic injury continues to grow [8]. With such high rates of sports-related 
brain injury occurring during adolescence and young adulthood, an emphasis has to 
be placed on fully understanding the short- and long-term consequences of this 
complex and puzzling neurological disorder [8]. This textbook, contributed to by 
world-renowned experts in the field, aims to provide a multi-modal approach includ-
ing topics of clinical relevance, motor control, biomechanics, modeling, neuroimag-
ing, genetics, and blood biomarkers to better understand the nature and signs of the 
most puzzling sports-related injury.
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 Clinical Research of Sports-Related Concussion

Each year, thousands of first responders, athletic trainers, coaches, and medical pro-
fessionals face a critical question: What is the time frame for safe return-to-sports 
participation after SRC? A concussed athlete must be completely asymptomatic at 
rest, with cognitive and exercise-induced exertion, and with activities of daily living 
prior to the initiation of a stepwise “Return-to-Play” protocol. Current clinical 
efforts are examining the role of rest, exercise and activity, physical and vestibular 
therapy, and psychological interventions in their effectiveness in the treatment of 
athletes recovering from SRC. However, it remains that our definition of recovery is 
largely based on clinical features, symptom self-reports, and restoration to baseline 
normative executive function. Therefore, our current clinical best practice still lacks 
the inclusion of serially measured physiological biomarkers of recovery from SRC.

An athlete is defined as asymptomatic once they have returned to baseline levels 
on self-reported symptom scales and clinical examinations. While the current clini-
cal standard of neuropsychological testing, postural control measures, physical 
signs, and behavior and symptoms checklists have been reported to be sensitive, 
there is no indication that resolution of these overt indices corresponds to recovery 
of the complex pathophysiology induced by SRC. Overall, there is current consen-
sus in the literature that clinical symptom resolution may not be equivalent to physi-
ological injury resolution.

Allied health professionals treating concussed people have been using the same 
approach to treatment for nearly two decades. Initially, focused on classification 
systems, clinicians would choose a system based on their general preference. With 
41 different classification systems [9] and a return-to-play protocol based on a clini-
cal construct [10], practitioners have been held to management and return-to-play 
standards that were based less on well-researched physiologic data and more on 
clinical intuition and consensus statements from leaders in the field of neuropsy-
chology [11]. Even with increased awareness of concussion and an increased pres-
ence of trained allied health professionals such as athletic trainers monitoring high 
schools and college sports, concussion is still commonly misunderstood by some 
clinicians and can be oversimplified in terms of its diagnosis and recovery [12, 13]. 
Athletes typically present clinically with a variety of physical and cognitive symp-
toms which can be reasonably detected with a thorough clinical evaluation both on 
the field and in the clinic or athletic training room [14].

Previous controversy surrounding the effects of SRC centered around the idea of 
structural versus functional recovery. It was stated in consensus statements [11, 
14–16] that “concussion may result in neuropathologic changes, but the clinical 
symptoms largely reflect a functional disturbance rather than a structural injury.” 
This clinical sentiment is repeated and reexamined in clinical research in which 
neuropsychologists and other clinical concussion researchers continue to promote 
the idea of cognitive functional recovery being representative of clinical recovery 
[16]. Objectively, this basic statement represents a construct flaw in their hypothe-
sis: all of the supporting data are mainly based on the restoration of cognitive 

Introduction



xiii

functioning measured by neuropsychological testing and not on the healing of the 
brain microstructure.

However, this sentiment has become less accepted in recent years as numerous 
animal and human studies on the physiology of concussion have demonstrated last-
ing physiological changes post injury. These studies have demonstrated a complex 
series of neurometabolic cascades, neurovascular compromise, and neurophysio-
logic impairment [17–20] stemming from the mechanical forces of sports-related 
concussion. The mechanical stretch of axons produces injury to the cytoarchitecture 
of the axon [21, 22] and surface architecture of the axon [23], which significantly 
impairs normal neurologic function [24] and leaves the neuron vulnerable to more 
significant repeated insult [23]. These forces are also capable of inducing short-term 
and lasting vascular changes [25–27].

Unfortunately, these findings are largely overlooked and underappreciated in the 
clinical management of sports-related concussion due to the burden of obtaining the 
data. Inclusion and implementation of these findings, upon validation, should be 
considered in the clinical management of concussion.

Furthermore, given the increase in awareness of the fact that symptom resolution 
does not mean physiological resolution, the fields of genetics and blood-based bio-
markers have gained great traction in SRC. Much work has been done in the past 
decade to better identify the genetic and metabolic underpinnings of SRC and in 
ways that are more clinically feasible than, for example, a research MRI.

More recently, there has been a shift in public concern from SRC solely to the 
accumulation of impacts to the head in contact and collision sports. An inherent part 
of many sports involves forces being applied to the head repetitively throughout 
practice and game settings. These repetitive impacts have been called subconcus-
sion, subconcussive impacts, receptive head impacts, and repetitive head accelera-
tion events (HAEs), among others.

Part of the concern surrounding HAEs is their potential link to neurodegenerative 
diseases including Alzheimer’s, chronic traumatic encephalopathy (CTE), and amy-
otrophic lateral sclerosis (ALS) [28, 29]. CTE, a neurodegenerative disease marked 
by tau accumulation, has recently been diagnosed in many former contact sport 
players, at many levels of experience ranging from high school to professional ath-
letes [30]. The marked degeneration present, in combination with the clinical symp-
toms reported, has increased concern regarding the safety of contact sports. 
Unfortunately, at this time, CTE can only be diagnosed upon autopsy, so many 
questions continue to remain surrounding its link to contact sports.

We understand that at present, many modalities, such as advanced imaging stud-
ies, are often not easily accessible, and their full implication is not yet established. 
Continuing research should indicate what will be cost effective in better protecting 
athletes and determining safe return-to-play after brain injuries. However, it 
becomes clear that the proposed solution for existing controversies in sport concus-
sion research needs to result in a combination of multiple modalities that will be 
able to concurrently record performance (functional) variables as well as structural/
functional brain imaging (fMRI, DTI, MRS, EEG) variables. Clinicians and 
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coaching staff should be interested not only in the restoration of successful func-
tional performance (memory, attention, balance, executive functions) but also the 
structural (neural) network responsible for maximum performance outcomes. 
Numerous multimodal findings and modeling biomechanical studies obtained in 
many research laboratories are indicative of the types of results to which clinicians 
should be attentive. These studies seek to find a behavioral and structural resolution 
after SRC. Is there ever ultimate restoration of normal structural components and 
functional integrity, or permanent “brain damage and/or reorganization”? With 
combined modality longitudinal studies, we can come closer to answering this criti-
cal question. In brief below we describe some of the major findings found in this 
textbook. This is by no means a comprehensive description, instead highlighting 
key points and discoveries over the past decade.

 EEG Research

High-temporal resolution EEG signal is highly suitable for examining neurophysi-
ological correlates of fast sensori-motor and cognitive functions [31–33], succept-
able to concussive impacts. Not suprisingly, electroencephalography (EEG) was the 
first monitoring assessment tool to demonstrate the alteration of brain functions in 
subjects suffering from traumatic brain injury (TBI) [32–36]. Presence of patho-
physiology in their definition of concussion has finally been accepted in the clinical 
literature. Thus, it seems appropriate to utilize a physiological measure such as EEG 
in the clinical setting of concussion.

Historically, EEG was first demonstrated in humans by Hans Berger in 1924. 
Since then, considerable empirical evidence has been accumulated indicating both 
(a) the clinical value of EEG in terms of the accuracy of assessement of mTBI, and 
(b) the conceptual significance of EEG in enabling the examination of neural sub-
strates underlying neurological, behavioral, and neuropsychological alterations in 
SRC [34, 37–40].

There is a line of recent research indicating the efficacy of EEG-based ERP 
(event-related potentials) in detecting subtle and pervasive alterations of cognition- 
related waveforms in athletes suffering from SRC, including multiple concussions 
[41, 42]. It appeared that the athletes with a history of previous concussions exhib-
ited significantly attenuated amplitude of posterior contralateral negativity (SPCN) 
compared to normal volunteers in absence of working memory abnormalities [42]. 
Similarly, Broglio et al. reported significant decrement in the N2 and P3b amplitude 
of the stimulus-locked ERP in athletes with a history of concussion on average of 
3.4 years post injury [43]. Most importantly, no significant alterations were observed 
based on commonly used clinical and neuropsychological tests. These EEG findings 
strongly support the notion that SRC can no longer be considered a transient injury.

Overall, serially implemented EEG studies, in conjunction with clinical assesse-
ments over the course of SRC, clearly document residual cerebral dysfunction. 
Specifically, alteration of EEG alpha power dynamics in conjunction with balance 
data in the acute phase of injury, with respect to baseline measures, may predict the 
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rate of recovery from a single concussive blow. As such, EEG measures (if properly 
executed in conjunction with other behavioral variables) are excellent tools to assess 
the status and prognosis of patients with concussion. Details regarding the nature of 
EEG signal, signal processing in both time and frequency domains, and EEG con-
cussion research can be found in the relevant chapters (Chaps. 4 and 19) within this 
textbook.

 Advanced Neuroimaging Research

Functional MRI (fMRI) One of the more recent and popular advancements in 
neuroimaging, fMRI, has become a widely used research tool in probing the com-
plexities of the brain [44]. Functional MRI uses the principle of Blood Oxygen 
Level-Dependent (BOLD) contrast as an index of neuronal activity [45]. The BOLD 
signal in fMRI is sensitive to blood-based properties, specifically the local magnetic 
susceptibility produced by deoxyhemoglobin which causes a reduction in signal. 
The assumption in BOLD fMRI is that an increase in neuronal activity within a 
brain region results in an increase in local blood flow, leading to reduced concentra-
tions of deoxyhemoglobin in nearby vessels [46]. Therefore, the higher concentra-
tions of oxyhemoglobin associated with neuronal activity results in higher signal 
intensities due to a reduction in local field inhomogeneities and signal dephasing 
caused by deoxyhemoglobin. For a more detailed review of MR physics or fMRI 
methodological and conceptual pitfalls, see Horowitz [47] and Hillary et al. [48] 
respectively.

Most recent brain imaging research, particularly evoked fMRI, revealed altera-
tion of the BOLD signal in concussed individuals while performing various neuro-
cognitive tasks. For example, a seminal study using the N-back task suggested a 
complex relationship between cognitive load and functional activation at one-month 
post concussive injury, with hyperactivation observed within the dorsolateral pre-
frontal cortex (DLPFC) and lateral parietal cortex during moderate load, whereas 
hypoactivation was observed during low and high load compared to healthy controls 
[49]. More recently, a longitudinal study of student athletes indicated that hyperac-
tivation of the inferior parietal lobe in concussed subjects when compared to the 
control group persisted 2 months post injury, despite there being no differences in 
neurobehavioral performance [50]. Overall, these studies provide support for 
changes in neuronal activity of brain regions implicated in working memory follow-
ing SRC. However, there is still debate in the literature regarding the values of fMRI 
data in a clinical assessment of concussion, at least as this pertains to athletics (see 
Chap. 11 for details).

Resting State Functional MRI (rs-fMRI) There has been a recent trend in studies 
using MRI BOLD signal to examine neuronal health following SRC, specifically to 
incorporate baseline or “resting state” measurement of the BOLD signal. 
Conceptually, the human brain has two contradictory properties: (1) “segregation,” 
which means localization of specific functions and (2) “integration,” which means 
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combining all the information and functions at a global level within the conceptual 
framework of a “global integrated network” [51, 52]. Consistent with this concep-
tual framework, Biswal et al. were the first to document the spontaneous fluctua-
tions within the motor system and high potential for functional connectivity in 
resting state fMRI (rs-fMRI) using intrinsic activity correlations [53]. Since this 
discovery of coherent spontaneous fluctuations, many studies have shown that sev-
eral brain regions engaged during various cognitive tasks also form coherent large- 
scale brain networks that can be identified using rs-fMRI [54].

As noted in Chap. 11 of this book, rs-fMRI has several advantages over more 
traditional evoked studies. Foremost, using a relatively simple task (i.e., passively 
maintaining fixation), it is possible to probe the neuronal integrity of the multiple 
sensory, motor, and cognitive networks that exist in the human brain. This can occur 
without concerns about practice effects or decreased novelty associated with mul-
tiple administrations of a task, potentially confounding the results. Moreover, rs- 
fMRI eliminates the complex requirements for presenting sensory stimuli and 
monitoring motor responses (e.g., interfacing with a computer, projecting stimuli, 
special non-ferrous motor response devices), rendering it more feasible for perform-
ing clinical scans.

Default Mode Network (DMN) The existence of a “default mode network” in the 
brain during the resting state was reported by Greicius et al. [55]. Both functional 
and structural connectivity between brain regions were examined to detect whether 
there are orderly sets of regions that have particularly high local connections (form-
ing families of clusters) as well as a limited number of regions that serve as relay 
stations or hubs [56]. It was suggested that the neural network of the brain has a 
small-world structure, namely, high-cluster coefficients and low average path length 
allowing optimization of information processing [57].

As one of the resting state networks (RSN) of the brain, the DMN includes the 
precuneus/posterior cingulate cortex (PCC), medial prefrontal cortex (MPFC), and 
medial, lateral, and inferior parietal cortices [58]. Although the DMN is active dur-
ing rest, it is not actively involved in attention or goal-oriented tasks [59]. Despite 
the fact that the DMN is deactivated during specific tasks, the presence of the DMN 
during rs-fMRI has been reported and validated in several studies [59–61].

At present, there are a growing number of reports focusing on alteration of DMN 
in SRC. Mayer et al. [62] investigated the resting state DMN of sub-acute SRC and 
showed that these subjects displayed decreased BOLD connectivity within the 
DMN and hyper-connectivity between the right prefrontal and posterior parietal 
cortices involved in the fronto-parietal task-related network (TRN). However, inho-
mogeneities such as (a) differential diagnosis of SRC including the presence or 
absence of loss of consciousness (LOC); (b) time since injury; and (c) subject’s 
detailed medical history that includes information on past head injuries influence 
fMRI data. In our own study, we examined DMN in SRC athletes using resting state 
fMRI with specific focus on recruiting a homogeneous subject population and con-
trolling for the number of previous concussions [63]. We have also reported that 
there were disruptions in the connections that make up the DMN in concussed 
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subjects [64]. More recent imaging studies using dynamic complementary func-
tional analysis of resting state MRI showed potential benefits to further examining 
abnormalities in brain network communication in response to SRC [65] (see further 
details on this MRI issue in the imaging chapters).

Diffusion Tensor Imaging (DTI) Diffusion tensor imaging (DTI) is an advanced 
imaging technique that exploits the molecular diffusion or Brownian motion of 
water due to thermal energy. Due to this random diffusion, the displacement and 
motion of molecules can be used to gain information on microscopic tissue struc-
tures and characteristics that are beyond the basic resolution of MRI [66]. Brownian 
motion is random, and this free diffusion is described as being isotropic, yet the 
direction and mobility of water molecules can be restricted by certain tissue charac-
teristics and structures that result in anisotropy [67]. In the white matter of the brain 
this diffusion anisotropy becomes ever apparent as myelinated axonal fibers orga-
nized into bundles and tracts allow for quicker diffusion along axonal fibers as com-
pared to diffusion oriented perpendicular to the fiber [68]. As the name implies, a 
tensor model is fitted in order to obtain certain indices, λ1, λ2, and λ3, that allow for a 
quantitative description of this anisotropic diffusion, where λ1 is the axial diffusiv-
ity, and λ2 and λ3 are combined to form the radial diffusivity [63]. Another important 
scalar measure reported in the literature is the fractional anisotropy (FA). The FA 
value is between 0 and 1, with 0 representing free diffusion in all directions and 1 
representing diffusion confined to only one direction. More precisely, the FA value 
is the ratio of the direction of maximal diffusion to the diffusion that is perpendicu-
lar to that main direction [69]. Further metrics include apparent diffusion coefficient 
(ADC), which tries to correct image contrasts due to relaxation effects or diffusion, 
and mean diffusivity (MD), which is an averaged value of diffusion.

A voxel-based analysis of DTI of high school athletes by Bazarian and col-
leagues performed DTI within a 3-month interval pre and post season [70]. Despite 
the small sample size, one athlete received a concussion during the season and had 
the largest number of affected voxels in the white matter as compared to the indi-
vidual’s exposure to repetitive impacts. Another investigation examined ten con-
cussed collegiate athletes and scanned them with DTI at least 1 month post injury 
[71]. A voxel-based analysis was implemented and revealed significant increases in 
MD only in the left hemisphere. A recent systematic review on DTI findings in adult 
civilian, military, and sports-related concussion revealed (a) widespread but incon-
sistent differences in white matter diffusion metrics (primarily FA, MD and RD, and 
AD) following concussion and (b) significant overlap in white matter abnormalities 
reported in concussed subjects with those commonly affected by socio-economic 
status or the presence of major depressive disorder and attention-deficit hyperactiv-
ity disorder (ADHD) [72].

In addition, as noted in Chap. 8, trauma-induced edematous reactions in the brain 
compress parenchyma, which in turn may influence water diffusion potentially 
detected by DTI. Using the FA metric, alterations in the FA outside of baseline lev-
els may indicate neuroinflammation and secondary membrane dysfunction creating 
fluid shifts. Since brain trauma may induce dynamic changes over time, differences 

Introduction



xviii

in FA over acute, subacute, and chronic time frames post injury may differ as well. 
Thus, in SRC low FA may reflect white matter degeneration while increased FA 
beyond normative baseline may indicate neuroinflammation. Overall, DTI may 
offer valuable structural and molecular information and insight into the brain as it 
becomes more commonplace in neuroimaging studies of SRC (see Chap. 9 for an 
in-depth look at DTI). It should be noted, however, that more research needs to be 
done to optimize its effectiveness and clinical utility.

Magnetic Resonance Spectroscopy (MRS) Magnetic resonance spectroscopy 
(MRS), also known as proton magnetic resonance spectroscopy (H-MRS), is a use-
ful tool that allows for identification and quantification of cellular metabolites con-
nected to nervous cell energetics in vivo [73]. As with many MRI applications, there 
are a number of different parameters and pulse sequences that can be used in order 
to acquire MRS data, all of which have their advantages and disadvantages and can 
make comparisons between studies difficult.

The metabolites in the brain that are most often studied are N-acetylaspartate 
(NAA), choline (Cho), and creatine-phosphocreatine (Cr) [74–76]. NAA is used as 
an indicator of neuronal and axonal integrity as decreased levels are seen after injury 
and associated with neuronal loss, metabolic dysfunction, or myelin repair [77].

Another common MRS finding after head trauma is increases in Cho levels [78, 
79], which are a marker of cell membrane turnover [78]. The Cr peak, which is a 
combination of the two creatine-containing compounds creatine and creatine phos-
phate, is an accepted indicator of cell energy metabolism [80, 81]. Despite the infor-
mation MRS can yield on the metabolic response of the brain to injury, there are still 
limited numbers of studies that utilize it to evaluate metabolic alterations induced 
by SRC (see Chap. 10 for more detail).

It is worth noting that the original studies from different laboratories reported 
connections between the alteration of NAA homeostasis and changes in amino acids 
linked to post-brain injury excitotoxic phenomena, and possibly to transitory 
increases in the number of dysfunctional mitochondria [82]. A previous MRS study 
of “asymptomatic” collegiate athletes recovering from SRC reported a reduction in 
NAA/Cr and NAA/Cho in the genu and splenium of the corpus callosum [83]. The 
general findings from more recent MRS studies suggest that brain cells might be 
defined as biochemically, metabolically, and genetically vulnerable after concussive 
injury. Thus, a window of vulnerability after SRC might last much longer than 
symptoms clearance. Overall, there is growing empirical evidence from MRS, in 
isolation and in combination with other advanced MRI studies (e.g., fMRI, DTI, 
etc.), that metabolic and ultrastructural SRC-mediated brain-compromised architec-
ture persists far beyond clinical and neuropsychological clearance.

 Biomarkers and Genetic Basis of SRC Research

The use of blood-based biomarkers as diagnostic and prognostic tools for risk strati-
fication of SRC has increased exponentially but is still limited in its clinical utility. 
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As biomarker levels can vary over time post injury, they present a potentially useful 
tool for identifying individuals by severity of injury, monitoring responses to treat-
ment, or predicting functional outcomes. Commonly studied proteomic biomarkers 
for mild TBI and SRC are markers of the central nervous system functioning includ-
ing astroglia (GFAP, S100β) and neuronal cells, with specific areas of the neuron 
such as the cell body (UCH-L1) and axon (Tau, Neurofilament). Furthermore, tran-
scriptomic biomarkers, called microRNAs, have also been gaining traction as prom-
ising biomarkers of injury as they are relatively abundant in biofluids (cerebrospinal 
fluid, serum, urine), and are relatively stable at variable pH conditions, and resistant 
to repeated freeze thaw and enzymatic degradation. Due to these properties, miRNA 
may have advantages over protein-based markers.

GFAP and UCH-L1 have been well studied, and even FDA-approved for specific 
use with CT scans. GFAP was detectible in serum within an hour of concussion and 
remained elevated for several days after and consistently identified concussion over 
7 days. GFAP also detected with good accuracy traumatic intracranial lesions on 
head computed tomography (CT), and neurosurgical intervention over a week [84]. 
In contrast, UCH-L1 rose rapidly within 30 minutes of injury, peaked at 8 hours 
after injury, and decreased steadily over 48 hours with small peaks and troughs over 
7 days – making UCH-L1 a very early marker of concussion [84].

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 CT scan within 
12 hours of injury [85]. The approval was based on the ability to find lesions on a 
CT scan, but they were not approved to diagnose a concussion.

Other promising biomarkers include S100β, neuron-specific enolase, tau, neuro-
filament, amyloid beta, and brain-derived neurotrophic factor (see Chap. 13 for 
more details). Some correlate with number of hits to the head (soccer), acceleration/
deceleration forces (jumps, collisions, and falls), post-concussive symptoms, trauma 
to the body versus the head, and dynamics of injury [86].

The role of genetics in susceptibility to SRC and recovery trajectory after injury 
has grown exponentially in the past decade. Previous research mainly focused on 
the role of Apolipoprotein E (APOE), specifically ε4; however, there were mixed 
findings on the involvement of APOE in risk of obtaining an SRC. There has been 
more evidence that the APOE ε4 allele plays a role in recovery from injury as stud-
ies have demonstrated that those with the ε4 allele have greater impairments in 
neurocognitive standardized scores [87, 88] and higher symptom severity [89, 90].

Further work has been done on other single nucleotide polymorphisms (SNPs) 
including Brain Derived Neurotrophic Factor (BDNF), dopamine receptors (DRD), 
catechol-O-methyl transferase (COMT), interleukins (IL), tau, KIAA0319, SLC17A7, 
and CACNA1A (see Chap. 14 for more details). The use of individuals’ genetics for 
health purposes has been a growing area of research, and it can be assumed that 
there is a link between concussion and genetics. However, at this time, the findings 
are still fairly limited and, overall, there is limited evidence of a genotype predicting 
previous concussion history. In future, more comprehensive work is needed to fully 
understand some of the genetic underpinnings of SRC.
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 Concluding Statement

The main goal of this textbook is to provide empirical evidence from clinical 
research, advanced neuroimaging, biomarkers, and genetic studies that resist the 
conventional wisdom that typically quick and spontaneous recovery following an 
SRC is rapid and complete, with no residual deficits. There is growing evidence that 
atypical evolution of concussive injury may be more prevalent due to the fact that 
clinical, behavioral, neurocognitive, emotional, and underlying neural and other 
biological alterations persist months or even years post injury. Specifically, the find-
ings of recent brain imaging and biomarkers studies (see details in the following 
chapters) challenge the conventional wisdom based solely upon clinical and neuro-
cognitive assessment of concussion.

Overall, this summation of the chapters highlights research being done employ-
ing various techniques, ranging from clinically focused to more physiologically 
based approaches, to study the athletes involved in sports. The continued overlap 
between basic science and clinical science is needed for the field to move forward, 
and these chapters highlight possible paths. While this updated version of this vol-
ume demonstrates the great strides made in the past decade, more work is needed to 
continue our understanding of the complex factors relating to these injuries. Since 
these injuries are indeed a complex pathophysiological process affecting the brain, 
proper tools have to be validated and implemented. When the physiology of the 
brain after different levels of injury is better defined, we will have a better under-
standing of the true definition of injury, its diagnosis, risk, and the threshold of 
energy causing injury. This, in turn, will lead to improved understanding of the 
resultant cognitive, imaging, and biomarker changes. With increased knowledge of 
the complex physiology of the brain after exposure to SRC, or repetitive HAEs, 
both scientific and clinical questions will be easier to answer. Thus, overall, we will 
be better able to protect the neurologic health and well-being of athletes involved 
in sports.
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 Short-Term Risks of Concussion Mismanagement

It is fun to think about how history may have changed if we knew centuries ago 
what we now know. A number of drivers were praising, as we would too, Dale 
Earnhardt Jr. for bringing forward his concussion symptoms after the Talladega 
crash. He did this because he was aware himself, that he had had a concussion a 
few weeks before in Kansas, and had concerns about his health. Drivers that were 
commenting were saying that this just would not have happened 10 years ago and 
that is probably true. NASCAR drivers driving cars are similar to fighter pilots on 
wheels. Their reaction times and their vision need to be 100%. We are very glad 
to see that he brought concussion issues to doctors even though it cost his team a 
great deal of money.
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 So, What Are the Short-Term Risks of Mismanaging a Concussion?

The most common result of not imposing physical and cognitive rest after a concus-
sion is greatly exacerbating concussion symptoms, and causing something that 
would have recovered in a matter of days to weeks into something that may now go 
on for months to years, and become post-concussive syndrome (PCS). Also, a much 
less common, but potentially fatal risk is second impact syndrome (SIS), which Bob 
Harbaugh and Dick Saunders first described in a JAMA article in 1984 [1]. It is 
interesting to us to see how our own practice has greatly changed in recent years, 
because of the awareness of concussions and PCS. We are actually inundated with 
post-concussive syndrome patients, most of whom have months of symptoms before 
we ever see them.

Approximately 8 years ago, one of my colleagues and I (R.C.C.), along with one 
of his graduate students, wrote a paper looking at a retrospective analysis of 215 
consecutive post-concussion patients. Those that had post-concussive syndrome 
had a disproportionate amount of a history of multiple prior concussions, as opposed 
to this being their first injury [2]. Many of them took a double hit, which means your 
first hit may be to the head, and then you fall to the turf and slam your head a sec-
ond time.

Double hits do seem to be associated with symptoms that last longer than a single 
hit and may actually involve rotational forces, which are in one direction, and then 
rebound in the other opposite direction. Some suggest we should be thinking of 
those rotational forces as being summated or added. We will leave that up to further 
research that the biomechanists are doing, but it is a very interesting theory and it 
does correlate with what we see [3, 4]. The most common occurrence with PCS is 
athletes who are playing while still symptomatic. We wrote a paper a few years ago, 
not about post-concussive syndrome, but catastrophic injuries. It was found that 
38% of individuals were playing while still symptomatic from a previous head 
injury that was sustained that season [5]. We are finding the same thing with post- 
concussive syndrome.

Two young children cracking heads is unacceptable, and what we are realizing 
today, and what we are measuring today, are primarily linear forces. For several 
years, we have associated concussion risk being much higher with linear forces of 
80–100 g. We have also seen from the work of Dr. Kevin Guskiewicz and others that 
just because you have 100 g impact, it is not necessarily associated with a concus-
sion [6]. Conversely, concussions can occur with g forces that are well under 100 g. 
We now realize that it is not just those higher hits that are important. Today, we 
realize concussion occurrence is multifactorial and there is no known threshold of 
force required to produce symptoms. We also recognize that the tools measuring 
linear and rotational accelerations have significant accuracy challenges that contrib-
ute to the problem.

Various laboratory and clinical studies over the last 10 years have demonstrated 
that the subconcussive hits, those hits that do not result in overt clinical symptoms, 
count as well. Helmet accelerometer data for youth, high school, and college-level 
football players have shown the tremendous variability in the number of hits and 
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repetitive trauma young people are taking over a single season. At the college level 
[7], while the mean is not terribly high, the extremes that the individuals are taking 
can be very high. Certainly at the high school level, over 1000 hits a season is not 
uncommon [8]. While every hit does not result in a symptomatic concussion, the 
accumulation of hits to the head over a single season, both in football and in soccer, 
has shown to result in changes in functional connectivity, decreased cognitive per-
formance, white matter, and cerebrospinal fluid markers, demonstrating that seem-
ingly routine and minor hits can have a profound impact [9]. We believe this 
emerging evidence should give us all cause for concern but of course needs to be 
replicated by other investigators. We have studies that show structural changes in 
individuals’ brains that have headed more than 1300 times in a given soccer season 
as well [10].

It is not just metabolic magnetic resonance spectroscopy (MRS) studies that have 
shown changes, but diffusion tensor imaging (DTI) studies have also shown changes 
similarly when comparing baseline cognitive assessments prior to and after an ath-
letic season. The integrity of fiber tracts tends to decrease over the course of the 
season [10, 11]. Presumably, this is due to subconcussive blows. Some of the studies 
have also used computer-based neuropsychological testing and found deterioration 
in the test scores over the course of the season when compared with baseline. By 
using neuropsychological, fiber tract, and metabolic data, there is a suggestion that 
it may be these subconcussive blows that are producing deleterious effects on brains. 
It is an accumulation of these data that led me, the senior author (R.C.C.), to write 
a book 8 years ago, and certainly the more controversial parts of the book are focus-
ing on children in sports. I suggest taking tackle football away from youngsters until 
the age of 14, no body checking in ice hockey until the age of 14 (which has since 
led to the age moving from 11 to 13), and no heading in soccer until the age of 14 
(which has since led to US Soccer banning headers under age 11 and limit heading 
for ages 11–13).

Further changes suggested were regarding helmets and officiating. It does not 
make sense that you have a very good batting helmet for baseball players, but then 
the helmet falls off of the players’ heads as they round the bases. This subjects them 
to epidural hematomas due to skull fractures from a thrown ball, when it would be 
so simple to put a chin strap that holds the helmet on the head.

Also, in sports that do not have helmets right now, but the mechanism of injury 
is a focal blow, meaning a stick or ball to the head or face, like women’s field hockey 
and lacrosse, we believe there should be helmets, rather than simply face shields. 
Additionally, we feel very strongly and passionately that we are giving our officials 
a pass they do not deserve. They should either start calling sports appropriately or 
they should be replaced.

With regard to neck strength, force equals mass times acceleration (g), or 
force divided by mass equals acceleration. Acceleration is what the brain is expe-
riencing during a hit. If we look at it a different way, with change of velocity over 
time, you have a decreased opportunity for change in velocity with a well- 
developed neck. Dom Comstock and I  (R.C.C.), as well as a few others, have 
been working for a number of years on a study, testing neck strength with regard 
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to concussion incidence. The data have correlated that the strongest necks have 
the lowest number of concussions, and the weakest necks have the highest num-
ber of concussions. Others have found the same theory that neck strength reduces 
your risk of concussion [12, 13]. For example, the woodpecker has a large, strong 
neck, and it moves only in a linear straightforward manner—a woodpecker does 
not experience concussions. We strongly believe that any athlete who is involved 
with a contact or collision sport should strengthen their neck muscles as well as 
their other core muscles as much as they can. Youngsters and females do not have 
nearly the testosterone compared to adult males, and are not going to bulk up 
their neck muscles, so they are not going to look any different, but they can 
strengthen them.

We do not know the exact combination of linear and rotational forces neces-
sary to reach threshold for a concussion, but we do know that there are curves which 
suggest that the risk of sustaining a concussion certainly increases as the linear 
forces go up. Many of us feel that the rotational forces are more important than the 
linear, and that is really what should be researched further. This is especially true in 
sports where the head is swiveled on the neck from a hit like a helmeted football, ice 
hockey, or lacrosse player. The reason that we believe that we do not yet have con-
cussion thresholds despite a lot of good research is that we are not dealing with just 
biomechanical issues when we think about concussion. It is a complex situation. 
Yes, linear accelerations need to be known, and rotational accelerations would be 
ideally known as well. But duration of impact, location of impact, and tissue strain 
issues are all very relevant and in need of study.

However, there are also biological and social factors at play. There are rarely 
situations where the biological issues are matched up with the biomechanical situa-
tions to truly allow you to look at the whole picture when you talk about concus-
sions. Some of these risk factors include history (how many concussions has 
somebody had, how severe were they, and what is the proximity in time of them), 
neck strength, age, gender (girls are more prone), hydration/volume (some science 
suggests that a dehydrated brain moves more inside the skull and is at greater risk 
of injury than a well-hydrated brain) [14, 15], as well as underreporting.

 Concussions: Structural Versus Functional Brain Disorder

Expert neuropathologist and colleague Dr. Ann McKee has found diffuse axonal 
swelling and axonal damage in some individuals that have died by suicide shortly 
after a concussion. Concussion in part involves a neural metabolic cascade, a 
metabolic issue, but also in part, at least in some concussions, there is a struc-
tural issue. We believe that as we learn more through neuroimaging studies, like 
the use of DTI [16], we are going to be able to see those structural changes in 
concussion that we cannot currently see with routine clinical MRIs or CT scans.

R. C. Cantu and M. Uretsky
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 Subjects’ Reports Versus Pure Evaluation

It is common knowledge that concussions are prevalent without loss of conscious-
ness more than 90% of the time, and that presents a problem. For those of us that 
have been on the sideline, and I (R.C.C.) was for a lot of years, it is not a great feel-
ing knowing that we are probably missing multiple concussions for every one of 
which we are aware. Theoretically by asking after the season, when there is no 
longer a feeling of possibly letting down their coaches or teammates, the athlete will 
be more likely to give honest answers. The incidence of concussion reported by 
individuals from these post-event studies is six to seven times what is known on the 
sideline. Some years ago, we were a part of a Canadian study in which Paul Echlin 
was the lead author. This study looked at the incidence of concussion in junior “A” 
ice hockey that was reported from people on the bench, as opposed to physician 
observers in the stands. The physician observers in the stands had the responsibility 
of looking at people on the ice. When somebody got up slowly and seemed to have 
a problem but stayed in, they would go down between periods and examine them to 
determine if they had a concussion [17]. A seven times greater incidence of concus-
sion was found from the physician observers, as compared with medical personnel 
on the bench [17].

The National Football League knows this is true as well; they instituted a policy 
in 2012 for the use of independent, certified athletic trainers to act as spotters in 
stadium booths at every game to spot potential injuries that are missed on the field, 
including concussions. Looking at the same television feeds that  the public sees 
when we watch the game on television, the same feeds are now fed to the medical 
personnel on the sideline to be used as part of the concussion assessment. When this 
was deemed insufficient, the 2017–2018 NFL season introduced the placement of 
an unaffiliated neurotrauma consultant (UNC) in the league’s command center for 
all games, and later on-site UNCs. There have been multiple examples of individu-
als who were sent off the field, and a body part was examined that was not the head, 
when it was a concussion that they had sustained. Former Cleveland Browns quar-
terback Colt McCoy is the most notable of them.

I am very pleased that Dr. Chris Nowinski, co-founder of the Concussion Legacy 
Foundation (formerly the Sports Legacy Institute), and I (R.C.C.) held a meeting, 
dedicated to documenting the number of impacts occurring as well as potentially 
identifying what the threshold number should be for cumulative hits. We know that 
the numbers that youngsters are receiving are appreciable, with published data 
showing that roughly 60–70% of those hits in the past have occurred during prac-
tice [18].

 Coaching Preventive Strategies

If you change the way that practice occurs, you can dramatically reduce the number 
of hits individuals are taking to the head. The winningest college coach in this coun-
try is John Gagliardi from St. John University outside of Minneapolis St. Paul. He 
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has over 800 victories, and during the season over the last 50 years he has never 
allowed tackling, only games are full contact. During practice the skill drills are all 
done with people thud tackling, wrapping arms around but not bringing players to 
the ground. Similarly, Dartmouth College football uses tackling dummies and even 
a tackling robot in practices so that they are not hitting each other. The NFL cer-
tainly gets that message too, because in the collective bargaining agreement during 
the 18-week long NFL season, players can only hit 14 times, less than once a week! 
Things are changing, and what we are doing is taking the head trauma out of 
practice.

We protect little league pitcher’s arms with good intentions, without question, 
when we limit the number of pitches they can throw. However, medial collateral 
ulnar ligaments can be replaced and the arms can come back from high school to 
pitch in the big leagues. There are many examples of that including some big league 
players that are on their third Tommy John surgery operation, and still pitching in 
the big leagues. For a correctable condition, we have pitch counts for youngsters. 
We think there should be hit counts to the head because obviously the brain cannot 
be replaced. We can modify how practices occur, and to their credit, Pop Warner 
football has reduced drastically the amount of hitting that they allow in practice.

 Second Impact Syndrome

SIS [19, 20] is simply an individual that has sustained an initial brain injury, who 
while still symptomatic sustains another brain injury that may be incredibly mild. 
What usually happens is that within minutes, there is a loss of autoregulation, which 
leads to massive blood flow inside the head and increasing intracranial brain pres-
sure. It is the capillary beds in our brain that have the ability to be dilated and hold 
extra blood, as do the arterials. In SIS this autoregulation, which keeps a constant 
flow of blood to our brain, is disrupted. In a normal situation, if your blood pressure 
goes up, you find a constriction occurring in the arterial bed to keep a constant 
amount of blood flowing to the capillaries, and then to the tissue that needs it. On 
the other hand, the blood pressure returns to normal and the arterials go back to their 
normal size keeping the same amount of blood flow. When blood pressure goes 
down, we have dilation in that arterial bed to keep the same amount of blood in your 
capillaries.

With SIS, the autoregulation is lost, and with blood pressures that are normal or 
even above normal because of adrenaline flowing from either pain or exertion, you 
find dilation in the arterial bed [19]. When that happens with normal or heightened 
blood pressure, you have a massive accumulation of blood in the capillaries of the 
brain. The brain inside the skull houses spinal fluid, brain, and blood. If you quickly 
increase the amount of blood that is inside the blood vessels, you will increase intra-
cranial pressure and cause brain herniation. Essentially, that is what we are seeing 
happen. SIS is usually bilateral and symmetrical, but it can occur unilaterally, and it 
can occur with a small sliver of subdural hematoma [19]. The subdural is not caus-
ing much mass effect; however, it is this vascular engorgement of the brain that is 
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causing detrimental outcomes. This is not vasogenic edema, because there is gray 
and white matter differentiation. It is a drastic increase in the volume of the brain 
due to blood in the arteriolar-capillary bed.

 Long-Term Risks of Mismanaging Multiple Concussions

 Historical Perspective

One of the long-term risks is prolonging your post-concussion syndrome if a con-
cussion is mismanaged, and the other is the issue of chronic traumatic encephalopa-
thy (CTE). CTE is a distinct, progressive, neurodegenerative disease characterized 
by a pathognomonic lesion of hyperphosphorylated tau protein accumulated around 
blood vessels at the depths of cortical sulci believed to develop due to, at least in 
part, to repetitive head impacts (RHI) [21, 22].

Do you know who first described CTE? I (R.C.C.) asked this question recently at 
a conference, and immediately a hand went up and said Bennett Omalu. He did 
describe the first cases of CTE in National Football League players [23, 24], but not 
the distinct pathology or the associated clinical syndrome itself. In 1928, forensic 
pathologist Dr. Harrison Martland described “punch drunk,” the clinical syndrome 
of boxers, which is akin to the clinical features of traumatic encephalopathy syn-
drome (TES) seen today in CTE [25], but without using those words. In a book that 
was a tribute to Clovis Vincent that came out in 1949, a number of individuals were 
solicited to write chapters, and in the book, there was one chapter written in English. 
In that volume, the CTE of boxers was written by Macdonald Critchley (1949); 
therefore, it was the first time that the neurological syndrome of boxers was 
described as “chronic traumatic encephalopathy.” Pathologically, the first descrip-
tion was by Corsellis in 1973, who connected neuropathological findings to a retro-
spective pattern of behaviors seen in a sample of 15 retired boxers. Since Martland 
first described the disease in 1928, until Dr. Omalu’s report in 2005, there were 
fewer than 50 confirmed cases of CTE in the literature; there are now nearly 400 
published cases. However, there are only three confirmed cases of women with 
CTE—one with a history of domestic violence described in 1990 by Dr. Roberts, 
one in 1991 by Dr. Hof with a history of autistic head-banging behaviors, and one 
in 2021 of a 29-year-old with a history of domestic violence.

 Boston University School of Medicine Chronic Traumatic 
Encephalopathy Center

At Boston University School of Medicine, we started with four directors at the 
Center for the Study of Traumatic Encephalopathy in 2008 (now the BU CTE 
Center), a part of the BU Alzheimer’s Disease Research Center, which was estab-
lished in 1996 [26]. Original directors included Chris Nowinski, concussion advo-
cate and former professional wrestler, neuropathologist Dr. Ann McKee, famous for 
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her work in neurodegenerative disease, Dr. Bob Stern, neuropsychologist and clini-
cal research director, and myself (R.C.C.). The Center was established to focus on 
the study of repetitive head impacts, including the clinical and pathological features 
associated with contact sport play and military service. Partnerships with the Boston 
VA Healthcare System, as well as the Concussion Legacy Foundation (formerly 
Sports Legacy Institute), enhanced collaboration and formation of the VA-BU-CLF 
Brain Bank, now the largest tissue repository in the world dedicated to the study of 
CTE. We established an online brain donation registry in 2015 to de-mystify and 
normalize the process of brain donation; this registry now has over 6,000 people 
enrolled. We are hoping to register and study brains of asymptomatic individuals 
that live normal lives, and yet play contact sports. The brain donation registry has 
greatly accelerated brain donation post-mortem. In the early stages of the Center, 
we were examining just a handful of cases a year. We have since received over 100 
donations in each of the last 3  years. At this time, the VA-BU-CLF Brain Bank 
houses over 1,000 brains of former athletes and military veterans, the vast majority 
of whom were symptomatic. Donors range in age from 13 to 99, from youth through 
professional and Olympic levels of play and 98% are men. Additionally, as a neuro-
degenerative disease brain bank, it is quite striking that 35% of our donors are under 
the age of 50. While the majority of donations are from former football players 
(about 70%), we are increasingly receiving a wider variety of athletes, including 
several lacrosse, soccer, and rugby players, as well as motocross and BMXers, and 
amateur wrestlers. Most of these people were symptomatic and were predicted to 
have CTE by their emotional, behavioral, and cognitive symptoms reported by fam-
ily members upon donation.

The VA-BU-CLF Brain Bank currently lacks a repository of brains of individuals 
that were not symptomatic, but they will likely come from that registry. Dr. Stern as 
P.I., along with Dr. Nowinski, Dr. McKee, myself (R.C.C.), and a crew of graduate 
students, are doing a longitudinal clinical research study on over a hundred NFL 
players compared to a group of individuals with no recognized brain trauma over 
the course of their lives. Structural issues using a variety of MRI modalities, mag-
netic spectroscopy, DTI, volume averaging MRI, and biomarkers are being used to 
see whether or not we can have a profile that correlates highly enough to make a 
diagnosis of CTE in living people. Dr. Stern is also one of the P.I.s on the NIH- 
funded DIAGNOSE CTE Research Project, a larger, multisite study examining col-
lege and NFL players and age-matched controls. Currently, CTE can only be 
diagnosed with certainty after death. You can actually have a very high clinical 
suspicion if the right clinical profile is there, as demonstrated by the high rate of 
CTE in our brain bank, but you cannot be 100% certain until a neuropathological 
examination is performed.

Dr. McKee’s first case was John Grimsley in 2008, a former NFL player who had 
advanced CTE. The medial temporal lobe was just riddled with this staining identi-
fying hyperphosphorylated tau protein. Other notable NFL players examined by Dr. 
McKee, and that were later publicized, were Dave Duerson, Cookie Gilchrist, 
Bubba Smith, John Mackey, Ken Stabler, Aaron Hernandez, and three members of 
the 1972 Miami Dolphins, Bill Stanfill, Earl Morrall, and Bob Kuechenberg. An 
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important study from 2012 by Lehman et al. examined causes of mortality in former 
NFL players [27]. They looked at death certificates of a number of NFL players who 
played over a 10-year period, and they all had to play 5 years or more to be included 
in the study. When looking at the death certificates of these individuals, they found 
that the incidence of Alzheimer’s disease and amyotrophic lateral sclerosis (omit-
ting Parkinson’s disease) was four times higher than what would have been pre-
dicted by the national average. These brains were not studied, only the death 
certificates were examined. These death certificates are filled out by a doctor, which 
is never a happy task—and often a task that subsequently ends up being done as 
quickly as possible. This leads the information to not necessarily be as thorough as 
one would hope, particularly when Alzheimer’s disease can look like CTE.

We do not know from our work in Boston what the incidence of CTE is, and what 
the prevalence of it is in any population. We know it occurs, and we know that it 
occurs in a very high percentage of those brains that we examine, but we also know 
that those brains are in a skewed sample. However, just because a sample is skewed 
toward symptomatic, high-level exposed individuals does not mean that the work is 
invalid. In fact, there have been a number of extremely valuable studies over the last 
few years using VA-BU-CLF Brain Bank data.

We published our first case series of autopsy-confirmed CTE in 2009, where we 
reviewed 48 cases of boxers, football players, wrestlers, and others with repetitive 
head impacts [21]. Subsequent papers over the last 10  years have examined the 
pathology in depth, as well as the various risk factors that we think are involved. 
Many of these studies examining risk factors, both antemortem in clinical studies, 
and post-mortem using donated brain tissue, have been led by additional BU col-
leagues Dr. Jesse Mez, Dr. Michael Alosco, Dr. Jon Cherry, Dr. Lee Goldstein, Dr. 
Dan Daneshvar, and Dr. Thor Stein. CTE in the context of motor neuron disease 
[28], epidemiological considerations with concussion [29], subconcussive head 
trauma [30], military blast exposure [31], clinical presentation [32], research crite-
ria for traumatic encephalopathy syndrome [25], age of first exposure to football 
and later-life impairments [33–35], corpus callosum and white matter microstruc-
tural changes [36, 37], beta-amyloid deposition [38], inflammation [39, 40], MRI, 
MRS, and PET imaging markers [41–45], cerebrospinal fluid markers [46, 47], 
Lewy bodies [48], cerebral amyloid angiopathy [49], genetics [46, 50], and duration 
of play [8, 51, 52] have all been described. Dr. McKee has also led the international 
effort to characterize the neuropathology of the disease through a series of consen-
sus conferences that have brought together the world’s leading experts in tauopathies.

 Doctor, Do I Have CTE?

CTE in most people is a progressive neurodegenerative disease believed to be 
caused by repetitive trauma to the brain which includes subconcussive blows. This 
is NOT a prolonged post-concussive syndrome, nor is it solely the cumulative 
effects of concussions. Symptoms characteristically, although not always, begin 
years to decades after the individual has stopped sustaining brain trauma. One sport 
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with a fairly high incidence of CTE is boxing. It is fairly common that individuals 
in their 30s have already started to lose some foot speed, developed slurred speech, 
etc. We need to know about the risk factors for CTE, and we need to know how we 
can differentiate them from other neurodegenerative diseases, psychiatric condi-
tions, and post-concussive syndrome before being able to diagnose the disease in 
living people. The Center receives countless calls and emails every week from fami-
lies and individuals concerned they have CTE. We always suggest seeing a neurolo-
gist, neuropsychologist, or other professional experienced in treating brain trauma 
to treat the symptoms, which may or may not be associated with CTE. There is no 
treatment for CTE, but there are ways to manage symptoms and everyday life with 
neurological and psychiatric conditions [53]. Building a strong network of support 
from family and friends, eating healthy foods to properly fuel the brain, getting 
enough sleep, exercising appropriately, and finding meaningful hobbies and activi-
ties are just some of the ways in which individuals and families can cope with 
symptoms. Unfortunately, many cases of CTE have been reported due to those indi-
viduals dying by suicide. Suicide is associated with head trauma, including concus-
sion. In terms of increased incidence, it is also associated with CTE; however, we 
do not yet fully understand all of the factors involved, as suicide in itself is a com-
plex issue. It is certain that we do not know the prevalence or incidence of the dis-
ease, but we certainly know that we do not want to see any more of our heroes 
having their brains examined because of suicide.

 In Summary: 10 Myths About Concussion

 Myth Number One: You Have to Be Hit in the Head to Have 
a Concussion

We think that most people now know this is not true. Just from whiplash you can 
have a concussion, from a blow to your back that snaps your head back or a blow to 
your chest which snaps it forward, or from a fall on your butt where the forces go up 
the spine. Of course, when we look at our blast victims, at least in our models, it is 
not the pressure wave that is producing the concussion. It is the blast winds that are 
associated with it that are causing the head to shake violently and oscillate 10–14 
times. This event can give somebody a lifetime of concussions from one blast.

 Myth Number Two: You Have to Be Rendered Unconscious 
to Sustain a Concussion

More than 90% of athletic concussions do not involve loss of consciousness.
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 Myth Number Three: Helmets Prevent Concussions

It is possible this could be true, if it were big enough, paired with enough energy 
attenuating materials maybe, but it is not practical. This would also be putting the 
neck at risk, so it is not going to happen. We are, however, getting better helmets all 
the time, and I (R.C.C.) personally am a strong advocate of going in that direction 
and not going in the direction of less protection. It is amazing how topics such as 
this have made their way into the media, because they are things that society in 
general needs to think about and know.

 Myth Number Four: Mouth Guards Prevent Concussions

No, it is not only mouth guards that claim to prevent concussions, but headbands 
and a plethora of unproven products too. While we encourage research in concus-
sion prevention, we are against claims that cannot be substantiated.

 Myth Number Five: You Can Always See a Concussion

You can always see if somebody is unconscious or if they cannot stand up, but you 
are not going to see most concussions. Most concussions are subtle, and it takes 
time, especially with mild concussions, to sort out whether somebody has had 
one or not.

 Myth Number Six: Your Next Concussion Will Be Worse Than 
Your Last

Wrong. A professional ice hockey player I (R.C.C.) cared for had his first concus-
sion that consisted of four and a half months of symptoms, causing him to lose a 
season. With his second concussion, he experienced 2 weeks of symptoms, lost a 
month of playing, and was back playing the rest of that season. With his third con-
cussion, he had 4 days of symptoms and was back in 2 weeks. That was an excep-
tion, and it is not usually what we see, but it demonstrates that every concussion is 
unique. You cannot predict what the next one is going to be, unless somebody is on 
a trajectory that they are more easily concussed and each concussion is last-
ing longer.

 Myth Number Seven: Three Concussions and You Are Out

This myth really frustrates us because it is essentially saying in a very naive way 
that all concussions are created equally, when they are not. Concussions are not cre-
ated equally, and each one needs to be handled on an individual basis. We strongly 
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believe that you need to record in verbiage how long the symptoms lasted with each 
concussion. This way in the future, others working on managing an individual’s 
concussion can have an idea about how severe their previous concussions were. If 
symptoms lasted months, that is not the same injury as symptoms that lasted hours 
or only a day. It is ultimately a combination of factors, and a larger discussion 
between a patient, provider, and the family in deciding to retire from contact sports.

 Myth Number Eight: Signs and Symptoms Occur Immediately

Incorrect. Some individuals have very little in the way of symptoms immediately, 
and some are not aware that they have had a concussion immediately. How much of 
that is related to adrenaline and rationalization we are not sure, but it is a reality that 
many people worsen hours after the incident. Some may not have symptoms really 
worsen until later that night or the next morning.

 Myth Number Nine: Boys Suffer More Concussions Than Girls

The number of girls are now almost equal to boys in most sports, in part due to Title 
IX legislation in the 1970s. In ice hockey, basketball, and soccer, in fact, girls have 
almost twice as many recognized concussions as boys. We stress “recognized” and 
keep repeating it because we do not really know that they have twice as many con-
cussions; but twice as many are recorded. It is possible that this is due to the fact that 
they are more honest in reporting their symptoms, or due to their weak necks. It 
could also be both, but only time and research will tell.

 Myth Number Ten: Concussions Determine Risk of CTE

This has not shown to be true in the work we have done at the VA-BU-CLF Brain 
Bank. Our work suggests that individuals that take the greatest amount of brain 
trauma are most likely to wind up with CTE, not the people that suffered spectacular 
concussions. We have found the best measure of repetitive head impacts, or concus-
sion and subconcussive blows combined, to be the length of one’s playing career. If 
you play in a sport that takes a higher amount of brain trauma, like boxing or foot-
ball, you are going to have a greater chance for CTE than if you play a sport like 
basketball which has less head trauma. If you play football, the linemen are going 
to take a lot more hits to the head than the wide receivers or the quarterbacks, 
although the wide receivers and the quarterbacks may take a more spectacular hit. 
In a sport like ice hockey, you are going to take hits equal to or greater than a foot-
ball player occasionally, but not as frequently. As we accumulate more and more 
cases going forward at the Brain Bank, we expect to see a similar trend—that box-
ing seems to have the greatest incidence and football is second. Sports like ice 
hockey, rugby, lacrosse, and soccer, although they certainly have cases of CTE, now 
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appear to have a lower risk for CTE, but various risk factors other than contact sport 
participation are still being studied.
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 Introduction

Barth and colleagues’ [1] seminal study using baseline neuropsychological testing as 
a model for sports concussion management set a standard that continues to be influ-
ential today. Many school-based sports medicine programs have adopted variations 
of their approach, and a range of recommendations have been made for the use of 
neuropsychological testing within that framework. Although the literature is variable 
regarding how best to use neuropsychological testing, most investigators recommend 
the use of pre-injury baseline neuropsychological testing as the best practice for 
sports concussion management [1–7]. Still, baseline data are not always available, 
and there is recognition that guidelines are needed for interpretation in such cases. In 
their “Consensus Statement on Concussion in Sport” article, McCrory and col-
leagues [6] suggested that an important area for future research was determining 
“best-practice” neuropsychological testing in cases where baseline data are not avail-
able. Also, in a position paper published under the aegis of the National Academy of 
Neuropsychology (NAN), Moser et al. [3] noted that neurocognitive tests can play a 
meaningful role in concussion management even in the absence of baseline testing. 
Nonetheless, neither article provides guidelines for how neuropsychological tests 
should be used when no baseline testing has been conducted. The most recent con-
sensus statement published by McCrory and colleagues [8] indicated that baseline or 
preseason neuropsychological testing should not be mandatory, but also stating that 
it could be helpful in some situations. The consensus panel also indicated that con-
ducting neuropsychological testing post concussion would be optimal.

The central goal of this chapter is to provide a test of the evidence-based model 
for using neuropsychological testing in the management of sports-related concus-
sion when no baseline is available that we laid out in our chapter in the first edition 
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of this book. We first summarize and evaluate existing approaches, focusing on the 
merits and limitations of baseline testing, the timing of testing post concussion, and 
the additional value of neuropsychological tests in a sports concussion context. We 
then lay out the framework of our model and provide a test of it using five cognitive 
outcome variables not included in the algorithm itself by comparing “Recovered” 
and “Not Recovered” groups based upon the algorithm. It is not our intent to sug-
gest that the model presented in this chapter should replace the baseline model. 
Furthermore, a discussion of the case for or against the use of neurocognitive testing 
in a sports concussion framework goes well beyond the scope of this chapter and 
has been discussed at length by other investigators [9, 10]. However, we do touch 
upon the merits and limitations of such tests, as well as the pros and cons of con-
ducting baseline testing.

 Summary of Literature Recommendations for the Use 
of Neuropsychological Testing in Sports Concussion

 Use of Baseline Testing

Although the literature is variable regarding how best to use neuropsychological 
testing, many investigators recommend the use of pre-injury baseline neuropsycho-
logical testing as best practice for sports concussion management [1–7]. As 
Guskiewicz et al. [2] and Echemendia and colleagues [11] have articulated, the use 
of baseline testing for comparison with post-injury scores helps to control for idio-
syncratic interindividual differences at baseline (e.g., ADHD, possible cumulative 
cognitive impact of prior concussions, cultural/linguistic differences, learning dis-
orders, age, education, and proneness to psychiatric issues). Controlling for such 
extraneous factors by using baseline testing should make neuropsychological tests 
more sensitive to the impact of concussions on specific individuals.

Still, the baseline paradigm for sports concussion is not without limitations. It 
has been criticized because there is no empirical evidence that the use of baseline 
testing improves diagnostic accuracy [9, 12], reduces risk of further injury [10], or 
predicts decline better than would be expected by chance alone [11].

Another significant limitation of the baseline model is that, for the types of inter-
vals often used in sports concussion testing, the test-retest reliability is not known 
for many typically used neuropsychological tests [10, 13–15]. Furthermore, the 
time between baseline and post-injury intervals can be years apart, whereas test- 
retest reliabilities are typically assessed over about 4–8  week intervals. Finally, 
commonly used neurocognitive tests in sports concussion often have less than opti-
mal test-retest reliabilities for clinical decision-making [13, 15].

Consideration of test-retest reliability coefficients is critical because they are 
central to calculating the reliable change indices (RCIs) that are typically used to 
determine clinically significant change. If these reliability coefficients are low, 
then confidence intervals will be large and greater declines will be required post 
concussion for change to be detected. Tests with low test-retest reliability 
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coefficients, then, will be less sensitive to changes post concussion than those with 
higher values.

In practical terms, baseline testing is logistically complex and expensive. Also, 
practice effects are commonly seen with neuropsychological tests, something that 
can reduce sensitivity post concussion [16]. Overall, despite its utility in controlling 
for interindividual differences, the baseline model does have limitations. Given 
these considerations, using neuropsychological tests in the sports concussion frame-
work when no baseline has been conducted should be considered.

 Timing of Post-concussion Testing

There is no clear consensus on the timing of post-concussion neurocognitive test-
ing. In Guskiewicz et  al.’s [2] National Athletic Trainers' Association (NATA) 
Position Statement, the authors suggest that neurocognitive testing should ideally be 
conducted in the acute injury period to help determine the severity of the concus-
sion, and then again when the athlete is symptom-free to help with return-to-play 
decisions. However, they do not provide any clear indication of when during the 
acute injury period that testing might ideally occur.

In the ImPACT Technical Manual [17] on the “Best Practices” page from the 
ImPACT website, the authors recommend post-concussion ImPACT testing 
24–72 hours post concussion to assess whether declines have occurred from base-
line and to help with concussion management in general. They also recommend 
testing after this acute period once the athlete is symptom free both at rest and with 
cognitive exertion.

The most recent consensus conference [8] recommended that neurocognitive 
testing be conducted when clinically indicated and when athletes are symptom free 
by their own self-report; however, these authors provided the caveat that some cases 
(especially children and adolescents) may warrant neurocognitive testing prior to 
symptom resolution. They reasoned that such testing could help with school and 
home management. A position statement published by the American Medical 
Society for Sports Medicine [18] was agnostic on this issue, asserting that the evi-
dence was unclear regarding the optimal timing of post-concussion neuropsycho-
logical testing. In sum, the available literature indicates that there is no clear 
consensus on the timing of neuropsychological testing post concussion.

 The “Value-Added” of Neuropsychological Tests in a Sports 
Concussion Framework

Some investigators have argued that there is no “value added” to neuropsychologi-
cal testing in the management of sports concussion, and that return-to-play deci-
sions should strictly be based upon athletes’ self-reported symptoms [9, 10]. 
However, research on this topic has revealed two important findings that counter 
such a recommendation: (1) A significant percentage of concussed athletes who 
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report full symptom resolution still show objective neurocognitive deficits—either 
declines from baseline [19] or when no baseline is available, worse neurocognitive 
performance than control participants [20]; and (2) neurocognitive tests can identify 
concussed athletes in the acute post-concussion period (within 2 days post concus-
sion) who deny any symptoms but show objective declines from baseline [7].

Although the additional value of neurocognitive tests to the concussion manage-
ment process is controversial, beyond such considerations there are problems with 
relying exclusively on self-report of cognitive functioning in guiding return-to-play 
decisions. First, athletes have a high motivation to minimize symptoms following 
concussion because of their desire to return to play (RTP), a process articulated in 
Echemendia and Cantu’s [21] “Dynamic Model for Return-to-Play Decision 
Making.” Second, there is extensive literature demonstrating that self-reports of 
cognitive functioning are only weakly correlated with actual performance on objec-
tive cognitive tests, even in individuals who are motivated and who have not expe-
rienced any injury to the brain [22].

Harmon and colleagues [18] argue that there are at least three circumstances 
where post-concussion neurocognitive testing may be warranted: (1) In situations 
where athletes are presumed to be at high-risk because of prior concussion; (2) with 
athletes who are likely to minimize or deny symptoms so that they can RTP; and (3) 
to identify athletes with persistent deficits. Thus, these authors appear to recom-
mend post-concussion neurocognitive testing under limited circumstances. One 
problem with only administering neurocognitive tests to athletes who are likely to 
minimize or deny symptoms is that such individuals can only be definitively identi-
fied if neurocognitive testing is conducted. Otherwise, how does one know? A limi-
tation of only administering tests to identify athletes with persistent deficits is that, 
again, how does one know if athletes have “persistent deficits” if they are not actu-
ally tested? As indicated above, self-report of symptoms is suspect for a variety of 
well-established reasons, so relying on an athlete’s self-report of symptoms is not 
going to be useful in identifying persistent deficits.

 A Proposed Evidence-Based Model for Neurocognitive 
Concussion Management When No Baseline Is Available

Following Ellemberg and colleagues’ [14] observation that the absence of scientifi-
cally validated algorithms for neuropsychological test interpretation has resulted in 
clinicians and researchers using idiosyncratic decision rules, as well as McCrory 
et al.’s [8] recommendation for “Best-Practice” guidelines, we articulate a model for 
the use of neuropsychological tests in a sports concussion framework when no base-
line is available. We then provide an empirical test of this model.

Figure 2.1 illustrates our algorithm. Before going into the details of this, 
we outline the tests in the battery on which the algorithm is based, which 
includes both computerized and paper-and-pencil tests. We then describe the 
evidence basis for each step of the algorithm. Note that there are separate 
decision rules for males and females. This is due to findings of sex differences 
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in base rates of impairment using this same battery in Division I collegiate 
athletes [23].

 Measures

The battery we use as the basis for our model includes both computerized and 
paper-and-pencil measures. Although the use of paper-and-pencil measures can be 
logistically more complex and expensive than using computerized tests alone 
because they require face-to-face administration, including such tests is likely to 

Administer any form of tests 24-72 hours post-injury

Is the athlete male or female?

Yes to either

Step 1

No to both

Yes

Administer alternate test forms once
PCSS is within normal limits

Repeat step 2, then conduct follow-
up testing as clinically indicated

Is PCSS within normal limits?

Begin RTP protocol

Are the athlete’s test scores in the impaired
range on 3 or more test indices?

Male Female

Are the athlete’s test scores in the
borderline range on 5 or more test indices?

Or

Step 2

Step 3

No

Wait on RTP until
“Yes”

Yes to either No to both

Yes

Administer alternate test forms once
PCSS is within normal limits

Repeat step 2, then conduct follow-
up testing as clinically indicated

Is PCSS within normal limits?

Begin RTP protocol

Are the athlete’s test scores in the impaired
range on 2 or more test indices?

Are the athlete’s test scores in the
borderline range on 3 or more test indices?

Or

Step 2

Step 3

No

Wait on RTP until 
“Yes”

Fig. 2.1 Post-concussion neuropsychological testing algorithm when no baseline is available
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increase the sensitivity of the battery. Also, if neuropsychological tests are only used 
post concussion, then the cost of administration is considerably lower.

Computerized tests Computerized tests include the ImPACT [24] and the Vigil 
Continuous Performance Test (CPT) [25]. The following summary indices from the 
ImPACT are included: Verbal Memory Composite, Visual Memory Composite, 
Visuomotor Speed Composite, and Reaction Time Composite. Although more 
recent versions of the ImPACT are available, we based our algorithm on the 2.0 ver-
sion because of the availability of data for our evidence-based model. This version 
appears to be highly correlated with more recent (including online) versions of the 
ImPACT. Average Delay (a reaction time index) is used for the Vigil. 

Paper-and-pencil tests These measures include: the Hopkins Verbal Learning 
Test-Revised (HVLT-R) [26] (total correct immediate and delayed recall), the Brief 
Visuospatial Memory Test-Revised (BVMT-R) [27] (total correct immediate and 
delayed recall), the Symbol-Digit Modalities Test (SDMT) [28] (total correct within 
90 seconds), a modified Digit Span Test [29] (total correct forward and backward 
sequences), the PSU Cancellation Task [30] (total correct within 90  seconds), 
Comprehensive Trail Making Test Trails 2 and 4 or 3 and 5 (CTMT) [31] (comple-
tion times for both parts), and the Stroop Color-Word Test (SCWT) [32] (time to 
completion for both Color-Naming and Color-Word conditions). Thus, across com-
puterized and paper-and-pencil measures, there are 17 test indices.

When multiple assessments are completed, we suggest that alternate forms be used at 
each repeated administration of the test battery. The ImPACT has such alternate forms 
built into the program; alternate forms are available for all of the above paper-and-pencil 
tests with the exception of the modified Digit Span Test and Stroop Color-Word Test.

Self-report To measure post-concussion symptoms, we use the Post-Concussion 
Symptom Scale (PCSS). This measure includes a list of 22 common post- concussion 
symptoms. Examinees rate the extent to which they are currently experiencing each 
symptom on a scale from 0 to 6, with 0 indicating the absence of the symptom, and 
6 indicating severe symptoms.

 Algorithm of Decision Rules

As Fig. 2.1 shows, each step of the algorithm after the initial neuropsychological 
testing involves a question, and then an action depending on the answer to the 
question.

Step 1 The action at Step 1 is to administer the test battery at 24–72 hours post 
injury. The evidence basis for this stems from animal models showing that many 
elements of the neurochemical cascade in the brain following concussion peak at 
about 48 hours post injury, and the decrease in glucose metabolism that occurs at 
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about 48 hours post injury, are correlated with cognitive dysfunction in adult rats 
[33–35]. Also, neurocognitive research in humans has shown that the greatest cog-
nitive impact post concussion typically occurs within 24–72 hours post injury [1, 
16, 36, 37], though there is considerable individual variability [37]. As such, testing 
athletes during this time interval should provide a likely estimate of the full impact 
of the concussion on the brain as manifested by neurocognitive test results. Also, if 
the athlete is free of neurocognitive impairment at this early stage (relative to base 
rates), then no further neurocognitive testing would necessarily need to be con-
ducted post concussion, and the return-to-play (RTP) decision could be made based 
on other factors (e.g., self-reported symptoms, vestibular signs, etc.). If the athlete 
does show signs of neurocognitive impairment at this point, then the objective neu-
rocognitive data could be used to assist in getting temporary academic accommoda-
tions while symptomatic (e.g., deferral of exams and other assignments, testing in a 
room free from distraction, extra time on exams, etc.). A more detailed rationale for 
testing at this early time point post concussion, and possibly before self-reported 
symptom resolution, is provided below in the section entitled, “Why Recommend 
Testing During the Acute Concussion Phase?”

Step 2 The algorithm has different Step 2s for males and females because the study 
on which these specific decision rules are based revealed slightly different base rates 
for males and females. In this study, we examined baseline performance in 495 col-
legiate athletes on the same test battery outlined in this article [23], and impairment 
on a test was defined as performing 2 SDs or more below the mean of other athletes; 
borderline impairment was defined as 1.5 SDs or more below the mean. These cri-
teria were used since currently there is no agreed upon definition of abnormally 
poor test performance on neuropsychological tests following concussion, and also 
to allow for some flexibility in decision-making.

In this study, less than 10% of males had five or more borderline scores, and less 
than 10% of females had three or more borderline scores. Additionally, less than 
10% of males had three or more impaired scores, and less than 10% of females had 
two or more impaired scores. We used these base rates as a foundation for the deci-
sion rules in our model. In light of such data, male athletes who are tested post 
concussion who show impairment on 3 or more tests and female athletes who show 
impairment on 2 or more tests evidence highly unusual performance that is likely to 
reflect the impact of their concussion (see Fig. 2.1). Similarly, male athletes who are 
tested post concussion who show borderline scores on 5 or more tests and female 
athletes who show borderline scores on 3 or more tests display highly unusual per-
formance that is likely to reflect the impact of their concussion. The application of 
these data in decision rules is shown at Step 2 in Fig. 2.1. Ideally, concussion pro-
grams adopting this algorithm would be advised to use base rate of impairment data 
collected from athletes participating in their specific programs. In this way, the data 
used are likely to be most valid for that group of athletes for a particular neurocogni-
tive test battery. If such base rates differ from what we report, relevant values could 
simply replace what we report from our athletes in the algorithm. If base rates of 
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impairment are not available, it should be noted that other studies using test batter-
ies of comparable length have reported similar base rates of impairment using a 
similar number of test indices in healthy older adults [38, 39], as well as children 
and adolescents [40].

If male or female athletes receive a “yes” response at Step 2, for either the 
impaired or borderline criterion, then the action is to “Administer Alternate Test 
Forms Once PCSS is Within Normal Limits.” The evidence basis for this stems from 
findings showing that even when athletes report that they are symptom free, many 
still show evidence for objective cognitive impairment [19]. Additionally, relying on 
self-report of cognitive functioning when determining when athletes can RTP may 
be inaccurate given the consistently replicated low correlation found between objec-
tive neurocognitive test performance and self-reported neurocognitive functioning 
[22]. Thus, any athlete should have to perform within normal limits neurocogni-
tively prior to returning to play, and such decisions should not be based on self- 
reported cognitive functioning alone. Following this recommendation after a “yes” 
response, the algorithm indicates, “Repeat Step 2, Then Conduct Follow-Up Testing 
as Clinically Indicated.”

Step 3 If either male or female athletes have a “no” response at Step 2, then the 
algorithm moves to Step 3 to consider the following question: “Is PCSS Within 
Normal Limits?” The determination of “within normal limits” is made using norma-
tive data from our sample of collegiate athletes at baseline on the PCSS. Scores 
falling within the broad average range (i.e., standard score of 80 or above) are con-
sidered “within normal limits.” If the answer to this question is “yes,” then the rec-
ommendation is to begin the Return-to-play (RTP) protocol. If the answer is “no,” 
then the recommendation is to wait on starting the RTP until the PCSS is within 
normal limits.

One complicating issue involves cases where athletes have a “yes” response at 
Step 2 (meeting the below base rate impaired or borderline criterion), yet report 
being within normal limits in terms of their symptom report. Given that the recom-
mendation following such an outcome is to “Administer Alternate Test Forms Once 
PCSS Is Within Normal Limits,” how does one proceed? There are no clear 
evidence- based guidelines for how to proceed here in terms of the precise timing of 
the next post-concussion testing point. A broad guideline would be to recommend 
testing the athlete again between 5 and 10 days post concussion, given that many 
studies show that most collegiate athletes show full cognitive recovery by that point 
[1, 16, 30, 36, 41–43]. With that said, other research shows that some collegiate 
athletes do not recover within that window and take longer than 2 weeks for their 
neurocognitive functioning to normalize [43, 44]. Thus, more research will clearly 
be needed to refine this broad guideline. Studies that examine the duration for nor-
malization of brain functioning in athletes who report being normal in terms of 
symptom report but show impairments neurocognitively would be ideal. Given the 
current state of the literature, the most prudent approach would be to rely more on 
individualistic clinical concussion management strategies employed by skilled 
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clinicians to determine temporal sequencing of testing in these cases [45]. Factors 
such as the urgency with which a return-to-play decision needs to be made (e.g., if 
a crucial game is imminent vs. the athlete’s sport not being “in season”), as well as 
other individualistic factors (e.g., prior concussion history, the presence of clinically 
significant depression) would need to be considered. Thus, the model allows for 
considerable flexibility at this stage due, in part, to the absence of clear research 
evidence to guide decision-making, but also due to idiosyncratic factors that are 
nearly always going to be at play in the clinical management of concussion.

 Why Recommend Testing During the Acute Concussion Phase?

One potentially controversial recommendation in our algorithm is to routinely test 
athletes in the acute stage more systematically post concussion. Many athletes are 
likely to still be experiencing some symptoms at the 24–72 hour post-concussion 
point, and some investigators and clinicians have asserted that such testing should 
be avoided on a number of grounds. First, given that athletes are still symptomatic, 
some posit that such testing cannot contribute anything to the RTP decision, because 
clinicians are typically not going to put athletes back to play who are still experienc-
ing self-reported symptoms. Second, it has been suggested that such testing could 
exacerbate the athlete’s symptoms, and there is some evidence to support this con-
cern [46]. These are reasonable concerns; however, we assert that the value of such 
acute testing outweighs the potential minor risk of a temporary increase in symp-
toms. The caveat to this, of course, involves cases where symptoms are so severe 
that testing could be harmful in exacerbating already severe symptoms, or where the 
nature of such symptoms would likely substantially interfere with test performance 
(e.g., severe dizziness, nausea, or headache, among others). This is where individu-
alistic concussion management again becomes important [45].

One benefit of such testing in the early acute phase is to help document the sever-
ity of the concussion. Athletes who show more impairments at this acute stage could 
be managed more conservatively once RTP procedures have begun than those who 
were back to their likely premorbid cognitive level, or nearly back to such a level. 
Another benefit, as noted earlier, is that early objective documentation of deficits 
could result in athletes quickly being able to secure needed academic accommoda-
tions during their recovery period. A third benefit of acute testing is that it may show 
that the athlete is in fact back to baseline neurocognitively, even at this early stage. 
If this is the case, then more rapid RTP could potentially occur. Although an ath-
lete’s medical well-being must always be the most important consideration of sports 
medicine professionals, athletes performing at a high level of sport (e.g., Division I 
college, the basis of our algorithm) could suffer significant harm in terms of their 
status on the team and ability to compete in important games and maintain their 
scholarships, as well as their mental health, if they are held out of play for an unnec-
essarily long period of time.

A final benefit of conducting systematic testing during this acute period post 
concussion and at other systematic time points is that the neurocognitive results 
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following any future concussion could be compared with the results from the previ-
ous concussion to assess whether the range and severity of cognitive impairments 
increases. If an athlete is tested at different points following different concussions, 
then such systematic comparisons would not be possible. Athletes who suffer mul-
tiple concussions and show an increased range and severity of cognitive impair-
ments with each successive concussion can then be treated more conservatively.

 Limitations

Our algorithm represents an initial attempt to develop systematic guidelines for 
decision-making post concussion in cases where baseline data are not available. 
Although we provide systematic decision rules, there is much room for individual-
istic concussion management, and we spell out a number of examples where such 
factors come in to play. The neuropsychological test battery we recommend is rela-
tively lengthy and logistically complex; however, applying it in cases where base-
line testing has not been conducted significantly reduces such complexity. Also, the 
algorithm can be adapted to different (possibly shorter) test batteries and different 
athlete groups when base rates of impairment data can be derived from such groups.

 Testing the Model

In this section, we provide a preliminary test of our model in a group of concussed 
collegiate athletes. We aimed to test the validity of the model by comparing algorithm- 
determined “Recovered/Not Recovered” groups of concussed collegiate athletes 
along a number of dimensions. Our primary hypothesis concerned examining post-
injury cognitive tests between these groups that we conceptualized as other indica-
tors of recovery beyond the number of cognitive impairments used for the algorithm.

Primary Hypothesis Compared with the Not Recovered group, the Recovered 
group will show significantly better performance on indices from five cognitive test 
indices not included in the algorithm itself when tested post concussion: Immediate 
and Delayed Recall on the Story subtest from the Rivermead Behavioral Memory 
Test (RBMT); Immediate and Delayed Recall from the Affective Word List (AWL); 
and the Controlled Oral Word Association Test (COWAT).

 Method

 Participants

The sample was derived from athletes who were referred to us for evaluation 
between 2002 and 2019 at our Division I university. All participants were referred 
by either an athletic trainer or team physician for concussion testing after sustaining 
a sports-related concussion (SRC).

P. Arnett et al.



29

 Recovered Versus Not Recovered Participants Using Base Rate 
of Impairment at Baseline Algorithm
In terms of dichotomizing groups using this algorithm, participants were included 
in the “Not Recovered” group if they met criteria for either the “borderline” or 
“impaired” algorithm (see Fig. 2.1). Participants were included in the "Recovered" 
group if they fell below the threshold for both the "borderline" and "impaired" algo-
rithm. As shown in Table 2.1, this resulted in a total of 96 (80%) “Recovered” ath-
letes and 24 (20%) “Not Recovered” athletes.

 Measures

 Post-Concussion Cognitive Outcome Variables Not Included 
in the Algorithm
The RBMT—Story Memory involves examinees having to recall two different sto-
ries read to them. They are asked to recall these immediately and then after about a 
30-minute delay. The Affective Word List (AWL) [47] has a similar format as a 
traditional list-learning task. The examinee is read three trials of a list of 16 words, 
8 positively valenced and 8 negatively valenced, and is then asked to recall as many 
of the words as possible. After a 20- to 25-min delay, examinees are again asked to 
recall as many of the words as they can remember. The AWL was developed to 
measure affective bias, specifically to assess the proportion of positive versus nega-
tive words recalled as a way of detecting depressive tendencies through a 
performance- based task. However, we have also found that it can be used as a tradi-
tional list-learning task, and it has been shown to have good convergent and dis-
criminant validity as a memory test [48]. The COWAT is a speeded measure of 
verbal fluency that requires examinees to generate as many words as they can that 
begin with a particular letter of the alphabet. Total words generated across three let-
ter trials was used as the dependent variable for the COWAT.

 Results

 Preliminary Analyses: Recovered Versus Not Recovered Participants 
Using Combined Algorithm
As shown in Table 2.1, the groups did not differ significantly in age or days since 
concussion. However, the groups did differ in terms of sex distribution. Specifically, 
a much higher proportion of females comprised the Not Recovered group (45.8%) 
compared with the Recovered (20.3%) group, X2 (N = 120) = 11.37, p = 0.001. 
Given these differences, we conducted some post-hoc analyses (see below) to try 
and understand these differences further.

The groups were also compared on the number of borderline and impaired 
scores. Not surprisingly, given the selection criteria for the groups, the Not 
Recovered group had significantly more borderline scores (mean  =  6.58 (3.41), 

2 Neuropsychological Testing in Sports Concussion Management: Test…



30

median  =  6.50) compared with the Recovered group (mean  =  0.88 (1.00), 
median = 1.00), t (1, 24)1 = 8.11, p < 001. The Not Recovered group also had signifi-
cantly more impaired scores (mean = 4.58 (2.98), median = 4.00) compared with 
the Recovered group (mean = 0.44 (0.65), median = 0.00), t (1, 24)1 = 6.78, p < 001. 

1 The dfs are lower here because of an adjustment in the degrees of freedom due to the fact that 
Levene’s test for Equality of Variances between the groups was significant.

Table 2.1 Participant demographic and impairment variables for recovered versus not recovered 
groups using combined algorithm criteria

Recovered  
(n = 96)

Not recovered  
(n = 24)

Continuous variables M SD M SD t-value p
Age (years) 18.96 1.27 18.83 1.27 −0.43 0.67
Days since concussion 20.56 51.38 26.79 45.22 0.54 0.59
Impaired scores1 0.44 0.65 4.58 2.98 6.783 <0.001
Borderline scores2 0.88 1.00 6.58 3.41 8.113 <0.001
Categorical variables N % N % X2 p
Sex 11.37 =0.001
   Male 82 85.4 13 54.2
   Female 14 14.6 11 45.8
Ethnicity
   Caucasian 109 77.9 17 53.1
   African American 22 15.7 11 34.4
   Asian American 4 2.9 0 0.0
   Biracial/multiracial 3 2.1 4 12.5
   Other 2 1.4 0 0.0
Sport
   Baseball 3 3.1 0 0.0
   Cheerleading 1 1.0 0 0.0
   Football 25 26.0 9 37.5
   Golf 2 2.1 0 0.0
   Men’s basketball 17 17.7 0 0.0
   Men’s ice hockey 6 6.3 1 4.2
   Men’s lacrosse 16 16.7 1 4.2
   Men’s soccer 2 2.1 1 4.2
   Rugby 12 12.5 0 0.0
   Softball 1 1.0 1 4.2
   Swimming/diving 1 1.0 0 0.0
   Women’s basketball 1 1.0 4 16.7
   Women’s ice hockey 0 0.0 2 8.3
   Women’s lacrosse 2 2.1 2 8.3
   Women’s soccer 1 1.0 2 8.3
   Wrestling 6 6.3 0 0.0
   Other 0 0.0 1 4.2

Note: M = Mean, SD = Standard deviation. 1 Number of impaired scores reflects the number of 
scores out of the 17 indices from the algorithm that are 2 SD or more below the mean of 100 (i.e., 
at or below a standard score of 70). 2 Number of borderline impaired scores reflects the number of 
scores out of the 17 indices from the algorithm that are 1.5 SD or more below the mean of 100 (i.e., 
at or below a standard score of 78). 3 Degrees of freedom for this t-score = 1, 24, because of signifi-
cant Levene’s Test for Equality of Variances for this variable
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Thus, using the algorithm to define these groups led to a clear demarcation in terms 
of the relative cognitive difficulties of the groups post concussion.

 Hypothesis Testing Analyses on Recovered Versus Not Recovered 
Participants Using Combined Algorithm
Primary Hypothesis: A Multivariate ANOVA (MANOVA) was conducted compar-
ing the Recovered and Not Recovered groups on all five cognitive indices. The 
Multivariate F was significant, indicating that the groups were different on the five 
factors overall, F (5, 114) = 4.69, p = 0.001, ηp2 = 0.17. Univariate tests showed that 
the groups were significantly different on the RBMT—Immediate Recall (F(1, 
118) = 4.89, p < 0.05, ηp

2 = 0.04), RBMT—Delayed Recall (F(1, 118) = 10.75, 
p = 0.001, ηp

2 = 0.08), and AWL—Immediate Recall (F(1, 118) = 12.98, p < 0.001, 
ηp

2 = 0.10). There was a statistical trend for AWL—Delayed Recall (F(1, 118) = 3.49, 
p  <  0.10, ηp

2  =  0.03), and the effect for the COWAT was not significant (F(1, 
118) < 1.0, ns). Consistent with predictions, all effects were in the direction of the 
Not Recovered group having lower scores than the Recovered group (See Table 2.2).

 Post Hoc Analyses

Unexpectedly, females comprised more than twice the percentage of the Not 
Recovered compared with the Recovered group. Using our base rate algorithm, 
fewer tests need to fall in the impaired or borderline range in females compared with 
males for selection in the Not Recovered group. Given this, we wanted to explore 
whether the males in our Not Recovered group had more impaired tests than the 
females. Although the males had more impairments (5.5 vs. 3.5) and more border-
line impairments (7.6 vs. 5.4), the differences between groups were not significant, 
t (1, 22) = 1.62, ns, and t [1, 20] = 1.67, ns, respectively. Still, these mean differ-
ences were relatively large.

Table 2.2 Mean performance on key outcome variables for recovered versus not recovered 
groups using combined borderline and impaired criteria

Measure Recovered Not recovered

M SD M SD F-test p ηp
2

Cognitive Indices1

Multivariate F (df = 5, 114) 4.69 <0.001 0.17
Univariate F (1, 170)
RBMT—Immediate Recall 101.62 14.39 94.11 16.75 4.89 <0.05 0.04
RBMT—Delayed Recall 100.93 14.61 89.93 15.05 10.75 =0.001 0.08
AWL—Immediate Recall 26.20 5.62 21.54 5.83 12.98 <0.001 0.10
AWL—Delayed Recall 7.14 3.79 5.58 2.95 3.49 =0.06 0.03
COWAT 16.34 7.36 15.00 3.22 0.76 ns 0.01

Note: M = Mean, SD = Standard deviation. Cognitive indices include the RBMT—Story subtest 
Immediate and Delayed Recall, AWL—Immediate and Delayed Recall, and the COWAT. RBMT 
Rivermead Behavioral Memory Test, AWL Affective Word List, COWAT Controlled Oral Word 
Association Test. RBMT indices are in standard scores; AWL and COWAT indices are raw scores. 
ηp

2 effect size magnitudes: small = 0.01 to 0.05; medium = 0.06 to 0.13; large = 0.14 and above
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Next, we explored whether females in the Not Recovered group had worse scores 
on the key cognitive outcome indices compared with males, such that the dispropor-
tionate number of females in this group might be driving the group difference with 
the Recovered group. A MANOVA was conducted with sex as the grouping variable 
and the five cognitive outcome indices as the dependent variables. The multivariate 
F was significant, F [5, 16] = 2.95, p < 0.05, ηp

2 = 0.45, with all of the univariate F 
values being significant (p at least <0.05) for all of the individual tests. Remarkably, 
all of the effects were in the direction of females performing better than males in the 
Not Recovered group.

We also examined whether the female athletes were different from males in 
terms of the number of days post concussion when they were tested, and the groups 
did not significantly differ, t [1, 20] = −0.28, ns. Finally, we examined whether there 
were motivational/effort differences between males and females in the Not 
Recovered group. Using the ImPACT Impulse Control Composite (ICC), as well as 
an Examiner Rating (scale of 1–7, with higher scores reflecting higher motivation), 
the groups were again not different, t [1, 20] = −0.53, ns, and t [1, 20] = −0.28, ns, 
respectively.

 Discussion of Model Test

Our test of the model showed partial support. We found that the “Not Recovered” 
group performed significantly worse than the “Recovered” group on three of the 
five outcome variables: the RBMT Immediate and Delayed Recall, and the AWL 
Immediate Recall. One interesting finding from the study was that there  were a 
highly disproportionate number of females in the Not Recovered group, over double 
the percentage found in the Recovered group. With follow up analyses, we found 
that females performed significantly better than males on all of the cognitive out-
come variables. As such, it appears that the worse performance of the Not Recovered 
compared with the Recovered group was largely driven by poorer performance of 
males in the Not Recovered group. These differences may be due to the fact that, 
using our base rate algorithm, fewer tests need to fall in the impaired or borderline 
range in females compared with males for selection in the Not Recovered group. 
Although there were no significant differences in number of impairments between 
males and females in the Not Recovered group, the mean differences were fairly 
large. It seems likely that, given that more cognitive impairments are necessary for 
males to reach criteria for being “Not Recovered,” their overall greater cognitive 
difficulties were manifested in our cognitive outcome variables, even though the 
latter were not part of the algorithm.

We conducted other follow-up tests and found that males did not differ from 
females in the Not Recovered group on two motivational indices (ICC from the 
ImPACT, and an Examiner Rating of observed effort on testing), so such factors 
could not explain the sex differences observed on the cognitive outcome variables.
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 Future Directions

Future work should include additional studies to validate the algorithm in other 
samples independent of our lab group. Ideally to extend what we have presented as 
a preliminary test in this chapter, groups of collegiate athletes with and without 
concussions could be tested at the same time intervals as suggested by our model. 
Examining base rates of impairment on the test battery in individuals with ADHD 
and/or learning disorders would also be a valuable focus for future work.

Our recommendations are tentative, given the limited evidence available for 
some aspects of the proposed algorithm. For example, several factors still need to be 
empirically established, including the ideal timing of post-concussion testing during 
the acute injury period, and the ideal temporal sequence of testing once athletes are 
normative symptomologically, but still impaired neurocognitively. However, we 
hope that our algorithm provides a template for improving neurocognitive concus-
sion management in collegiate athletes.
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 Introduction

Mild traumatic brain injury (mTBI), the most common variant of what is known as 
concussion, has an annual reported incidence of 1.4 million cases in the United 
States alone [1, 2] and accounts for 80% of all traumatic brain injuries (TBIs) [3, 4]. 
There are a number of immediate physical, cognitive, and emotional symptoms that 
arise from mTBI that include headache, dizziness, unsteady posture and gait, nau-
sea, slurred speech, poor concentration, and short-term memory loss. For most 
sport-related concussions (80–90%) the recovery is rapid, with spontaneous symp-
toms resolution within 10 days post injury, thus referred to as uncomplicated mTBI 
[5, 6]. Yet when more challenging testing protocols are implemented [7], as many as 
15–38% of individuals suffering from mTBI have clinical symptoms that persist 
and may be detected for months or even years post injury [8–10]. Prolonged clinical 
symptoms resolution exceeding 1 month post injury associated with positive stan-
dard neuroimaging findings is referred to as complicated mTBI [11]. The defini-
tional problems often are reflected in the lack of consistency and consensus among 
clinical practitioners and researchers dealing with mild TBI.
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There is consensus among clinical practitioners dealing with sports-related con-
cussions (mTBI) that motor (predominantly whole body posture and balance), exec-
utive functions (i.e., decision making and reaction time (RT)), and neurocognitive 
functioning are the most prominent deficits that concussed athletes experience at 
least within the acute phase of injury [8, 12, 13]. The Zurich (2009) and Berlin 
(2016) Consensus Statement recommended that working memory, attention/vigi-
lance, visual learning and memory, reasoning/problem solving, and speed of infor-
mation processing are the most important neurocognitive functions that need to be 
accurately assessed to define the degree of brain damage induced by a concussive 
blow [5, 14]. While current clinical management is based on neuropsychological 
testing, balance assessment, and symptom evaluation, this can be largely subjective 
[15]. Furthermore, ecologically valid, sports-concussion-specific, and reliable 
assessment tools for detection of these neurocognitive functions have yet to be 
defined.

Several previous studies have identified a negative effect of mTBI on postural 
stability [15–17]. The use of postural stability testing for the management of sport- 
related concussion is gradually becoming more common among sport medicine cli-
nicians. A growing body of controlled studies has demonstrated postural stability 
deficits, as measured by the Balance Error Scoring System (BESS), on post-injury 
day 1 [12, 18–24]. In the case of an uncomplicated mTBI, the recovery of balance 
occurred between day 1 and day 3 post injury for most of the brain-injured subjects 
[23]. It appeared that the initial 2 days after an mTBI are the most problematic for 
subjects standing on the foam surfaces, which was attributed to a sensory interaction 
problem using visual, vestibular, and somatosensory systems [19, 24]. However, 
more recent studies by Cavanaugh et al. [25–27] have shown that advanced methods 
from nonlinear dynamics (i.e., approximate entropy, ApEn) may detect changes in 
postural control in athletes with normal postural stability measures based upon con-
ventional balance testing, longer than 3–4 days after uncomplicated concussions. 
Our own recent study has also shown alteration of virtual-time-to-contact (VTC) 
measures in the absence of traditional measures of postural instability in concussed 
individuals [28]. Overall, there is an agreement that when more challenging testing 
modalities are introduced, balance deficiency in concussed athletes may be observed 
far beyond 7–10 days post injury even after clinical symptoms resolution [10, 21, 
28–37]. Specifically, application of nonlinear methods [25–27] and virtual reality 
tools [10, 21, 28–37] for assessment of postural data may reveal abnormal balance 
in the subacute phase of brain injury evolution even in uncomplicated mTBI.

Regardless of overall advances, both technological and conceptual, there is still 
no gold standard for accurate assessment of concussion in athletics. There are a few 
factors that exacerbate the problems with accurate assessment of mTBI. First, con-
ventional neuropsychological (NP) tests are not designed to perform repeated mea-
surements [38], and thus suffer from the so-called practice effect. Practice effects 
are particularly troublesome for post-injury cognitive impairment tracking since 
they can confound interpretation [39]. Moreover, computerized conventional neuro-
psychological tests that have validity for single assessments does not make them 
any more valid than the original paper and pencil versions for repeated testing, 
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particularly at high frequency intervals. It provides administration, standardization, 
and data management advantages, but the tests are fundamentally the same as when 
given manually. Therefore, it is not surprising that the results of follow-up tests in 
the acute phase of injury often appear to be better than those obtained from the ini-
tial baseline test.

Second, it should be noted that NP deficits persist in a significant minority (38%) 
of concussed athletes even after they self-report that they are symptom free [8]. 
Overall, currently used NP modalities, including computerized assessment of neu-
rocognitive performance, cannot detect long-term cognitive decrement in majority 
of concussed individuals [8].

Third, most of the NP tests are lengthy and often boring which may induce men-
tal and even physical fatigue. Several recent papers indicate that even normal volun-
teers may experience both self-reported and EEG-evidenced fatigue while taking 
NP tests [40]. This confounding factor may be exacerbated by the lack of control for 
subjects’ efforts during administering NP tests (Iverson, personal communication 
2010) that makes the interpretation of data at least questionable.

Finally, there is a growing concern regarding the lack of ecological validity and 
transferability of data obtained in a clinical setting to real-life situations. For exam-
ple, a concussed subject may be asymptomatic based on traditional memory testing 
but cannot recall the coaches’ instructions and immediate play actions required by 
coaches. 3D environments are more realistic, can provide feedback more compara-
ble to athletic situations, for example, and require more brain resources than a 2D 
environment [41]. Furthermore, behaviors, like visual search or decision-making, in 
2D situations can differ from behaviors in 3D situations [42, 43]. VR has the poten-
tial to overcome some of the aforementioned challenges and ultimately be used as a 
complementary tool for accurate assessment of the degree of damage induced by 
concussive blows. In fact, the Zurich Consensus Statement on concussion in sport 
[14] identified VR among the key areas of future research and possible clinical 
application.

VR is an interactive, computer-generated 3D environment that simulates the real 
world and provokes a sensation of immersion in the individual. In fact, VR has 
recently emerged as a promising method in various domains of therapy, including 
brain damage rehabilitation, offering the potential to achieve significant successes 
in assessment, treatment, and improved outcome. Continuing advances in VR tech-
nologies along with cost reductions have stimulated both research and development 
of VR systems aimed at psychological, physical/behavioral, and emotional assess-
ment/rehabilitation of brain-injured individuals. A growing number of diverse occu-
pations that currently use the immersive and interactive properties of VR include 
athletes, drivers, parachutists, fire fighters, soldiers, divers, and surgeons. However, 
with respect to implication for clinical practice, it is still yet to be determined 
whether VR is vulnerable to practice and fatigue effects, similar to the modalities 
currently used in clinical practice. The overall objective of this chapter is to address 
these critical questions in two separate experiments.
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 Virtual Reality Applications, Methods, and Procedures

 VR Visual Spatial Memory Test

The assessment of memory functions (i.e., spatial memory and its underlying dis-
tinct processes such as encoding, retention, and retrieval) was implemented via pre-
sentation of 3D simulation of a virtual corridor. TBI patients commonly experience 
memory problems, specifically in assessing their spatial location with respect to 
some external objects in the surrounding environment. For example, if the patient 
left the hospital room, he/she would have difficulty in finding his/her way back to 
the room, not remembering whether to turn left or right, move forward and/or back-
ward in the hospital corridors.

The subjects (a) were shown the navigation route to encode (E) and then (b) 
requested to navigate purposefully with the goal of reaching specific target room 
location (active navigation, AN) using a high-resolution joystick (www.magcon-
cept.com). The subjects moved around using their right thumb to freely navigate in 
forward, backward, and side-to-side directions. The virtual corridor (see Fig. 3.1, 
including the floor plan of the virtual corridor) was generated by a VTC Open GL 
developing kit (HeadRehab, LLC, USA— http://www.headrehab.com/) which pro-
vides a realistic VR environment and sense of presence (see also [44] for details). A 
total of three trials were allowed to successfully complete this test.

 VR Recognition “A” Test

This test aimed to measure a subject’s visual recognition performance in remember-
ing and recognizing objects found within a virtual environment. This module can be 
used in conjunction with the recognition B test (see below). The subject’s task is to 
passively navigate through the virtual corridor. Along his/her way, there are seven 
objects that should be memorized. Both types and color of these objects are 

4.6m

4.6m

16.6m

47m

6m36.4m

6m

6m

ba

Fig. 3.1 (a) View of the virtual corridor used for navigation tasks under study, and (b) floor plan, 
and a sample of the route for one of the runs. The subjects were instructed to reproduce (e.g., 
retrieval) the previously shown routes (e.g., encoding) via navigating through virtual corridor by 
the joystick and to find the target location. It should be noted that starting position was the same 
for all runs
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important to remember. Then, the subject is presented with a display panel of 14 
different objects and given 120 s to select only the same seven objects previously 
seen in the virtual corridor. The number of correct/incorrect responses and time to 
perform the test are computed and converted into the scoring format from 10 to 0 
(Fig. 3.2).

 VR Recognition “B” Test

The subject is shown seven different objects slowly rotating for 60 s to memorize 
before passive navigation through the virtual corridor. Both the type and color of the 
objects are important memorizing properties. The subject is then passively navi-
gated through the virtual corridor. If the subject recognizes an object from the seven 
objects previously shown in the display panel, he/she must press the trigger/button 
on the interactive device to select the recognized object. The total number of cor-
rect/incorrect responses is computed and converted into the scoring format from 
10 to 0.

 VR Assessment of Sustained Attention

Sohlberg and Matter in 1989 [45] proposed a clinical model of attention processes 
that outlined hierarchically organized levels of attention. Our personal experience in 
dealing with TBI patients on a daily basis is clearly in support of this clinical model 
of attention. Specifically, TBI patients, especially in acute stage of injury, most 
often are unable to sustain attention even for a short period of time. Their distracti-
bility level increases significantly, affecting both everyday life and academic/learn-
ing activities. The rate of recovery of this cognition function is influenced by 
numerous factors, such as the initial impact, degree of structural damage, and/or 
initial functional deficits, although not well documented in clinical research.

a b

Click on objects that you saw.
Time remaining-- 118.88 seconds. -- 7 object(s) to pick.

Fig. 3.2 (a) Different objects (total n = 7) are displayed to memorize while passively navigating 
via virtual corridor; (b) fourteen objects are displayed to recognize that were shown while navigat-
ing via virtual corridor
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The attention deficit in TBI, specifically deficits in visual selective and sustained 
attention, is a prominent aspect of cognitive dysfunction after TBI. TBI patients 
frequently complain of distractibility and difficulty attending to more than one thing 
at a time. We designed the VR prototype of Everyday Attention [46] within the con-
text of a dual-task paradigm to assess attention deficits in mild TBI. Our design of 
the VR attention module, Virtual Elevator (VE), was implemented by HeadRehab, 
LLC and is currently utilized in our laboratory for baseline and follow-up testing of 
concussed athletes (Fig. 3.3).

The VR advanced prototype of the Test of Everyday Attention (TEA) using the 
Virtual Elevator was implemented as the following:

• Sustained attention is being tested similar to the “Elevator Counting” test (1). 
The subjects are situated in the Virtual Elevator (VE) moving up (from floor 1 to 
floor 12) and down (from floor 12 to floor 1). There are visual separations that a 
subject should count in order to identify the floor indicator upon arrival (stop). 
There are numerous random trials that last for 10 min. The number of correct and 
incorrect counts assessed is used as an input to the comprehensive report.

• Elevator floor counting with distractions. Similar to (A) while additional sources 
of noise (external visual stimuli, i.e., adjacent buildings, windows, trees, and 
people coming in and out) are being added.

• Dual-task version of VE is also elaborated to test the properties of “Divided 
Attention.”

These data were used as an input for normalized reports of success rate ranges 
from 10 to 0 for each subject under study. It should be noted, we were able to detect 
attention deficits in concussed individuals in subacute phase of injury, although 
diagnosed as asymptomatic based upon conventional neurocognitive assessment 

Fig. 3.3 The image of the 
Virtual Elevator module as 
perceived by the subject
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tools, such as STROOP, SDMT, WMS-R Digit Span, Ruff 2  s and 7  s Selective 
Attention Test, and PASAT [47]. Current research is in progress to evaluate both 
convergent and discriminant validity of VR sustained attention module in the con-
text of concussion evaluation that will be published elsewhere.

 VR Assessment of Balance

Balance abnormalities specifically evident during visual-kinesthetic tasks are the 
most common symptoms in TBI patients suffering from sport-related concussions 
[19]. It should be noted that balance symptom resolution varies among mTBI 
patients and may last up to more than 1 year post injury [10]. Our previous research 
has shown the presence of balance abnormalities and visual-kinesthetic disintegra-
tion, induced by VR visual field motion up to 30 days post injury [30, 32, 48]. We 
have designed the VR moving room paradigm to examine postural stability via 
introducing the visual perturbation balance tasks [30]. The VR moving room appears 
to be an advanced tool allowing the detection of residual postural abnormalities as 
evidenced by impaired visual-kinesthetic integration [10].

The VR system that was used in this study includes: (a) VisMini portable stereo 
3D projection system; (b) Draper Inc. 6 × 8 portable Cinefold surface screen; and 
(c) AMTI force plate for assessment of postural responses to visual field motion.

The field sequential stereo images were separated into right and left eye images 
using liquid crystal shutter glasses. An additional sensor was located on the sub-
ject’s head to interact with the visual field motion. The visual field motion consists 
of a realistic looking moving room (see Fig. 3.4).

Preprogrammed manipulations of the VR moving room included the following: 
(1) viewing stationary VR room; (2) VR room forward–backward oscillatory trans-
lation within 18 cm displacement at 0.2 Hz; (3) VR room Roll around heading y-axis 
between 10 and 30° at 0.2 Hz; (4) VR room Pitch around interaural x-axis between 
10 and 30° at 0.2 Hz; (5) VR room Yaw around vertical z-axis between 10 and 30° 
at 0.2 Hz; and (6) VR room translation along x-axis within 18 cm displacement at 
0.2 Hz. The subjects were instructed: (a) to acquire the Romberg stance and stand 
as still as possible on the force platform while viewing the computer-generated 
moving room visual scenes for 30 s trial duration (VR—balance 1 test); and (b) to 
produce whole body oscillations in synchrony with the motion of the VR room 
along x, y, and z axes (VR—balance 2 test).

 Normalized Assessment of Postural Stability

The area of the center of pressure (COP) was calculated from AMTI force platform 
data sampled at 100  Hz. A specially developed MATLAB program was used to 
estimate the subject response data obtained from the force platform similar to 
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Slobounov et  al. [36]. The COP area calculated from the data obtained for each 
individual subject (with respect to 450 records from normal age-matched volun-
teers) was used as an input for normalized reports of success rate (stable vs. unstable 
posture) ranges from 10 to 0 (loss of balance during the test).

Coherence values between quantities of moving room and subject responses 
were assessed using a specially developed MATLAB code. The auto-spectra for 
each signal were calculated by using Welsh’s averaged periodogram method. 
Coherence was calculated based on the cross-spectra fxy and auto-spectra fxx, fyy 
with the spectra estimated from segments of data and the coherence Rxy estimated 
from the combined spectra:

 
Rxy fxy fxx fyy� � � �� � � � � � � � �� �2 2 / ;  (3.1)

The significance of coherence was also calculated. That is the confidence limit 
for zero coherence at the α %, and L is the number of disjoint segments: sig 
(α) = 1 − (1 − α)1/(L − 1). In addition, continuous wavelet transform (CWT) was 
performed to track the dynamics of coupling between subject body motion and 
visual scenes oscillation over the entire trial duration (30 s). The CWT is able to 
resolve both time and scale (frequency) events better than the short Fourier trans-
form (STFT). In mathematics and signal processing, the CWT of a function f is 
defined by (1):

Fig. 3.4 AMTI force 
platform and 6° of 
freedoms ultrasound 
IS-900 micromotion 
tracking technology from 
“InterSense, Inc.” was used 
to control the head and 
body kinematics and 
postural responses to visual 
manipulations of VR 
scenes
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where τ represents translation, s represents scale which is related to frequency, and 
ψ is the mother wavelet. z  is the complex conjugate of z. The mother wavelet is a 
complex Morlet wavelet, as it has both good time and frequency accuracy. The 
degree of coherence was converted to normalized score ranged from 10 (max 
dynamic balance) to 0 similar to Slobounov et al. [36, 48].

 VR Assessment of Executive Function (Reaction Time)

Early and most recent research indicates that reaction time (RT), especially complex 
reaction time, significantly and reliably increased in mild TBI patients at least in 
acute phase of injury [13, 49–51]. Specifically, these finding have been replicated 
and confirmed in a number of studies [8, 44, 52]. Overall, it is widely accepted now 
that RT measures may serve as an index of the subject’s integrity of executive func-
tions, therefore may be used in clinical assessment of concussion [8, 13, 52] 
(Fig. 3.5).

We have designed a VR module of reaction time allowing the assessment of 
whole-body response to unpredictable manipulation of optic flow. The subject was 
requested to oscillate forward and backward to follow the anterior–posterior (A–P) 
translation of the moving room at 0.2 Hz for 30 s trial duration.

Unpredictable change of moving room from A–P to medial–lateral (M–L) direc-
tions was randomized requiring the subject to respond via whole body motion and 

Fig. 3.5 Virtual room 
rolling to the left requiring 
subject to change direction 
of sway from AP to the left 
(ML) as fast as possible
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follow the motion of the moving room. The measured reaction time (ranged from 
250 to 750 plus ms) and errors of anticipation (wrong direction of response) were 
calculated, interpolated, and converted into scoring system from 10 (best score, less 
than 250 ms compared to 450 samples from normal student-athletes volunteers) to 
0 (more than 800 ms) and included in comprehensive reports. Current research is in 
progress to evaluate both convergent and discriminant validity of VR reaction time 
module with respect to RTclin and RTcomp derived from CogState-Sport [13] in the 
context of concussion evaluation that will be published elsewhere.

 Assessment of Sense of Presence and Practice Effect

In a study for sense of presence, 15 athletically active and neurologically normal 
undergraduate students recruited from the Pennsylvania State University. Average 
age was 21.4 years (SD = 1.3) and average estimated IQ, based upon Wechsler Test 
of Adult Reading (WTAR; The Psychological Corporation, 2001) test scores, was 
108.9 (SD = 6.4). The sample was 70% male and 30% female. The reported racial/
ethnic composition was 70% Caucasian American, 10% African American, 10% 
Asian American, and 10% mixed. All participants had become involved in sports 
between ages 4 and 8 and had maintained their involvement, at either the recre-
ational or collegiate level, as students at the university. We ensured that participants 
were neurologically normal through a telephone screening questionnaire. All par-
ticipants reported that they had slept 7–8  h the night before testing. Half of the 
subjects were tested between 10:00  am and noon, and the other half was tested 
between noon and 2:00 pm. Subjects were requested to avoid taking any beverages 
containing caffeine at least 3 h prior to testing.

Subjects were visiting our lab every other day for a total of three visits and per-
formed sequence of (a) VR spatial memory navigation; (b) VR sustained attention; 
and (c) VR recognition, A and B; (d) VR balance tests; and (e) reaction time (RT). 
The order of testing modalities was randomized and necessary time between modal-
ities was provided if needed to control for subjects’ fatigue. The total time of testing 
was within 45 min.

All subject reports indicated that navigation via immersive VR environment 
induced a strong sense of presence. The scores for sense of presence for the spatial 
memory task were 6.8 ± 2.4, for the sustained attention task were 7.4 ± 1.7, and for 
the balance task were 9.2  ±  1.4. All subjects under study reported significant 
amounts of mental effort during the encoding phase of spatial memory task (8 ± 2) 
and during the retrieval phase (6 ± 2), that is consistent with our previous research 
[34, 53].

A representative example of VR data obtained for three consequent testing ses-
sions of one subject is shown in Fig. 3.6. The overall VR results obtained from all 
15 subjects on three testing sessions are shown in Fig. 3.7. The ANOVA revealed 
neither main effect of testing day (p  >  0.05) nor effect of VR testing modality 
(p > 0.05). In other words, no effect of practice was observed for either VR resting 
modalities.
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 Assessment of Fatigue Induced by Full Contact 
Football Practices

Fifteen Penn State football players participated in this study. The subjects were 
males whose mean age was 20 ± 1.6 years. At the time of this study, none of the 
subjects were injured and all were cleared for full contact sport participation by the 
team physician. Complete medical history of all players under study was available 
only to one of the authors (Dr. Sebastianelli) and the other members of the research 
team were blind regarding the history of prior concussions until the completion of 
all results analysis.
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Fig. 3.6 Representative example from one subject on VR performance scores, including com-
prehensive, and those obtained from different testing modalities. Both visually and statistically, 
there are no significant differences in performance scores across testing sessions (session 1 (a), 
session 2 (b), and session 3 (c))
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VR assessment of spatial memory, balance, and executive functions (RT) was 
conducted prior to and within 30 min post-full contact practices. The number of 
blows during the practice was measured via reconstruction of impacts captured on 
video [54]. In addition, our research assistants registered the frequency and various 
types of impact experienced by the targeted players using a specially developed 
observation chart. The similar pre-post-full contact practice VR assessment was 
conducted 1 week later at the peak of preseason training load.

The results from effect of fatigue on VR assessment of memory, balance, and 
executive functions are summarized in Table 3.1. The subjects’ fatigue was assessed 
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Balance Memory Attention Recogntion_1 Recogntion_2 Reaction_time

Day1

Day2

Day3

Fig. 3.7 Summary results of VR testing from all subjects under study (n = 15) as a function of 
testing day (n = 3). Both visually and statistically, no significant differences were observed within 
the testing modality and between tests indicating the lack of practice effect

Table 3.1 Subjects’ performance on VR tests before and after full contact football practices 
inducing fatigue and the number of blows received

Players Memory pre/post/post Balance pre/post/post RT pre/post/post Impacts pr1/pr2
F001 8.3/8.7/8.4 8.6/9.1/8.8 9.4/9.1/8.3 46/38
F002 9.4/9.4/9.4 9.2/9.1/8.6 8.5/7.9/7.7 41/34
F003 7.5/7.9/8.1 9.3/9.0/9.1 8.6/8.9/8.0 37/42
F004 9.7/8.8/8.5 8.4/8.4/7.9 8.4/7.1/89 34/43
F005 6.9/8.3/8.1 7.4/7.9/6.8 8.5/7.2/8.3 36/38
F006 9.5/8.6/9.1 8.8/9.3/9.0 9.4/7.9/7.8 38/41
F007 8.1/8.6/5.4 9.3/7.8/5.6 7.7/5.5/4.2 37/43
F008 9.5/8.6/9.1 8.7/8.9/8.3 9.3/8.4/8.1 46/32
F009 8.4/8.9/9.3 8.3/8.1/7.6 7.9/8.1/8.3 41/39
F010 8.6/8.5/8/3 7.5/7.9/8.2 8.2/7.8/7.6 26/35
F011 8.6/8.5/5.3 7.8/5.6/5.1 9.2/8.8/4.9 29/35
F012 9.4/9.7/9.5 7.4/7.7/7.8 8.2/8.7/8.6 31/37
F013 7.4/6.7/5.2 8.6/8.1/6.1 9.5/6.7/4.2 34/31
F014 8.6/9.2/8.7 9.3/9.6/9/2 9.3/9.4/8.1 37/29
F015 9.3/9.6/9.0 7.8/8.5/8.1 8.4/7.8/8.4 35/41

The blow types included head-to-head, head-to-torso, blow to the back, blow to the torso, blow to 
the face, landing on the head, etc.
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via verbal responses that ranged from 0 (no fatigue) to 10 (extreme exhaustion). All 
subjects under study had reported fatigue scored 7 ± 2.4 after full contact practice.

As can be seen from Table 3.1, the fatigue did not influence the VR data for either 
of the testing dates obtained from 12 of the football players (p > 0.05). However, 
there was a negative effect of fatigue on three of the subjects, and upon further 
investigation it was found that of all of the 15 subjects tested they were the only 
ones to have a history of previously diagnosed concussions. It is important to note 
that players received approximately equal number of blows during both practices. 
The effect of multiple blows, in conjunction with fatigue, on performance measure-
ment needs further investigation.

 Validation of Virtual Reality Modalities

The individual virtual reality modules (balance, reaction time, attention, spatial 
navigation) and the compositive, or comprehensive, score were examined for their 
sensitivity and specificity in comparing concussed and non-concussed subjects.

Balance A study by Teel and Slobounov [55] examined 60 normal controls and 21 
concussed participants using standard balance assessments (force plate) and the VR 
balance module. Concussed participants were tested 7–10 days post injury to avoid 
any symptom provocation and to examine more subtle deficits after injury. Findings 
revealed that center of pressure (COP) with eyes open and eyes closed was signifi-
cantly (p < 0.01) and negatively correlated with VR balance measures of yaw, pitch, 
roll, and total score. However, for both COP positions, the stationary balance scores 
were not significant. When examining group, there were significant and negative 
correlations (range: r = −0.246 to −0.641) with all VR balance outcome measures. 
The roll condition (around heading y-axis between 10 and 30° at 0.2 Hz) was the 
strongest correlation to group. Between groups, there were significant differences 
with the concussed group performing significantly worse on all VR balance mea-
sures compared to the control group.

To validate this module, another study was done by Teel and colleagues [56] on 
94 normal controls and 27 concussed participants. The concussed participants were 
also tested between 7 and 10 days post injury. An ROC curve was run to establish 
cutoff scores and identify the sensitivity and specificity of the balance module. The 
AUC was 0.862 (95% CI: 0.767–0.958) and a cutoff score of 8.25 was identified to 
maximize sensitivity (85.7%) and specificity (87.8%). Additionally, the likelihood 
ratio was 18.28 and the odds ratio was 0.24.

The following modules were validated on the same group of participants [57]; 
128 control participants (with no history of concussion) and 24 concussed partici-
pants (tested between 7 and 10 days post injury) were used. Group differences were 
examined, and the control group had significantly better performance (p < 0.001) on 
spatial navigation, reaction time, and comprehensive scores. There was no signifi-
cant difference between group on the attention module (p = 0.81).
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Reaction Time The whole-body reaction time module revealed a cutoff score of 
6.75 to maximize sensitivity (95.2%) and specificity (89.1%). AUC was 0.952 (95% 
CI: 0.915, 0.985) and the likelihood ratio was 32.3.

Attention The attention module revealed a cutoff score of 9.50 to maximize sensi-
tivity (54.2%) and specificity (30.5%). AUC was 0.593 (95% CI: 0.459, 0.728) and 
the likelihood ratio was 0.062.

Spatial Navigation The spatial navigation module revealed a cutoff score of 7.50 
to maximize sensitivity (95.8%) and specificity (91.4%). AUC was 0.962 (95% CI: 
0.934, 0.990) and the likelihood ratio was 57.2.

Comprehensive Score The combination of all modules (balance, attention, reac-
tion time, spatial navigation) into a comprehensive score revealed a cutoff score of 
7.55 to maximize sensitivity (95.8%) and specificity (96.1%). AUC was 0.989 (95% 
CI: 0.976, 1.000) and the likelihood ratio was 88.8.

The sensitivity and specificity of the comprehensive score are comparable to 
previously reported values of sensitivity (81.95–96.6%) and specificity (69.7–97.3%) 
in traditional neuropsychological testing [7, 58].

 Overall Application of Virtual Reality as a Research 
and Clinical Tool

There is a considerable debate in the literature regarding the best practices in treat-
ment of athletes suffering from concussion. Up to date, there is still no “gold stan-
dard” and the absence of definite biomarkers for an accurate diagnosis or 
prognostication of sports-related concussions continues [59]. The lack of consent 
among clinical practitioners is also exacerbated even more by the fact that the 
majority of subjects with uncomplicated mTBI appeared to be asymptomatic based 
on anatomical MRI, CT, and/or conventional clinical and neuropsychological (NP) 
assessments shortly after the injury [60]. Therefore, the search for more accurate 
complementary concussion assessment tools is ongoing.

This tool was developed on previous empirical findings; for example, there are 
no differences in planned agility between expert and novice athletes, although a 
reactive agility test was able to discriminate skill between levels due to the inclusion 
of the sport-specific visual stimuli [61]. Indeed, human vision is 3D.  Therefore, 
depth perception is critical for successful performance in various sports environ-
ments [62]. Most recent research has attempted to improve visual stimuli realism 
for examining visual-perceptual skill via 2D/3D video projections of real-life oppo-
nents to elicit reactive movement [63]. In our own research, we observed differential 
patterns of brain activation (fMRI BOLD) while performing the spatial navigation 
memory task in 2D versus 3D virtual environment. Collectively, 3D realistic sports- 
specific virtual reality scenarios may enhance sensitivity of testing modalities used 
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in a clinical setting. It is our ongoing line of research to examine the efficacy of 3D 
realistic sports-specific scenarios for assessment of performance indices in normal 
volunteers and student-athletes suffering the concussion.

VR modules aimed to assess balance, neurocognitive, and executive functions 
appeared to be resilient to a practice effect and, thus, may be implemented in 
repeated fashion to track evolution of a measured function, for example, as result of 
recovery from brain injury. Clearly, every single existing NP (and/or other) tool cur-
rently used in a clinical practice may have a possible practice effect. Therefore, it 
should not be overused while evaluating the concussed individuals during follow-up 
testing. The reported findings regarding virtual reality testing modalities’ resilience 
to practice effect may indicate the feasibility of VR modules for multiple uses in a 
clinical practice.

The VR modules implemented in this study appeared to be resilient to a fatigue 
effect, for example, that may significantly confound evaluation of neurocognitive, 
balance, and executive functions as a sporting event is in progress. Clearly, compre-
hensive neuropsychological and behavioral evaluation of concussed individuals 
requires time and effort that may induce both physical and mental fatigue due to 
taking the tests [40]. Thus, dissociating fatigue symptoms due to concussion from 
those due to taking the tests is an important clinical issue. Moreover, it is also 
important to dissociate the athletes’ performance level of neurocognitive, balance, 
and executive functions at different times during practices and/or games as a func-
tion of fatigue and/or concussion, if occurred. The resilience of VR modules to 
fatigue effect, but possible sensitivity to prior history of concussion, as reported in 
this study, may be considered as a valuable asset for sideline assessment of athletes 
in a clinical setting.

Furthermore, VR has been shown to have high sensitivity and specificity in iden-
tifying between control and concussed participants and has comparable normative 
values reported in traditional neuropsychological batteries used in clinical concus-
sion management [64]. Additionally, it has shown utility in detecting residual cogni-
tive abnormalities in concussed individuals who are considered asymptomatic and 
pass traditional clinical assessments. The inclusion of multiple modalities adds to 
the clinical utility of VR when using it in assessment of a concussed individual and 
may help provide more information on deficits post injury.
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 Introduction

Recently, much research has focused on the role of concussion in athletics, particu-
larly contact sports. An international conference on Concussion in Sport published 
a consensus statement that includes a summary of the most recently agreed-upon 
causes, diagnostic tools, symptoms, guidelines for return to sport and daily life, and 
prevention of sports-related concussion. The updated definition of sports-related 
concussion is:

a traumatic brain injury induced by biomechanical forces, which may be caused either by a 
direct blow to the head, face, neck or elsewhere on the body with an impulsive force trans-
mitted to the head, typically results in the rapid onset of short-lived impairment of neuro-
logical function that resolves spontaneously or evolve over a number of minutes to hours, 
and may result in neuropathological changes, but the acute clinical signs and symptoms 
largely reflect a functional disturbance rather than a structural injury and, as such, no abnor-
mality is seen on standard structural neuroimaging studies [1].

With the growing public concern regarding these injuries, the National Football 
League has supported studies of the long-term effects of concussion in profes-
sional athletes and many universities have established centers for the study of con-
cussion on their athletes. Additionally, many individual states within the United 
States have established laws related to concussion assessment and management in 
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child-age athletics, as well as return to play and academic guidelines. In particular, 
high school athletes are at risk for repeat concussion since surveys suggest that this 
group believes that there is not a problem playing sports after injury. Furthermore, 
studies on high school athletes revealed common reasons for concussion not being 
reported including thinking the injury is serious enough to warrant medical atten-
tion, social and intrinsic motivation not to be withheld from competition, and lack 
of awareness of probable concussion [2–5]. The reasons for not self-reporting may 
also vary based on the stage, as motivation to stay in competition changes across 
age groups and level. In collegiate athletes for example, factors such as future pro-
fessional career, scholarship, acceptance of peers, support from coaching staff, and 
personal identity as an athlete may all impact symptom reporting [6, 7]. Returning 
to play before the concussion has been fully resolved can increase the likelihood of 
long- term injures due to a higher risk of secondary injury during recovery. Athletes 
who suffer repeat concussion typically do so within the first 7–10 days after the 
initial injury [8]. Since adolescence is a time in which an individual’s brain is still 
developing and goes through a series of cortical reorganizations, brain insults at 
this time can put the adolescent at greater risk for more serious injury or even 
death. For college and professional athletes, different internal, team, or societal 
pressures may cause players to ignore information concerning the effects of con-
cussion. Overall, this can lead to a lack of candor when athletes describe their 
symptoms. Since, at this time, diagnosis is often based on the individual’s self-
reporting of their symptoms to a doctor, it is critical to utilize measures that can 
evaluate the effects of concussion beyond the traditional signs and symptoms, in a 
more objective way.

When the injury occurs, acceleration/deceleration forces are applied to the 
head and can often produce diffuse microstructural injury. Due to the diffuse 
nature of these injuries, standard structural imaging, such as MRI and CT, may 
not be able to identify all abnormalities [9]. Evidence collected from several ani-
mal studies implies that mTBI and SRC induce temporary variance in neuronal 
energy metabolism, excitatory neurotransmitter release, and cerebral blood flow 
[10, 11], establishing a functional injury, rather than solely a structural injury. 
With this evidence, numerous organizations have published position statements 
concluding that neuroimaging findings are generally normal in sports-related con-
cussion individuals and imaging studies add little to the field of clinical concus-
sion management [12–16]. Currently, authorities recommend that neuroimaging 
be used for patients in the acute phase of head injury, when there is suspicion of 
severe intracranial pathological conditions like subdural hematoma, epidural 
hematoma, or intraparenchymal hemorrhage (IPH), or in patients with extended 
disruption in consciousness, focal neurological deficits, or aggravated symptoms 
[12–18].

In summary, rather than the gross structural damage or lesions found in penetrat-
ing head injury or severe traumatic brain injuries, concussive episodes can be char-
acterized by cognitive dysfunction, specifically in information processing and 
working memory [9].
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 Need for Physiologic Measurement in Clinical Concussion 
Diagnosis/Management

Athletic participation is unique in its requirement of the able-bodied participant. 
Physicians and allied health professionals making recommendations for athletes 
returning to sport from concussion must ultimately be comfortable with the concept 
of potential repeated injury. In other words, although unclear whether this is entirely 
possible, it is the clinician’s goal to ensure that an athlete recovering from concus-
sion and returning to full athletic participation be as resilient to head trauma as 
compared to an athlete with no previous head injury. Ultimately, clinicians must be 
assured that the athlete’s risk of short-term or long-term effects from their concus-
sive episode has been minimized as best as possible.

With these important clinical considerations in mind, management of sports- 
related concussion must evolve beyond the limitations in the currently accepted 
definition of concussion with functional recovery from concussion being represen-
tative of clinical healing. Considering the number of mTBI-linked short-term and 
long-term physical and mental health issues [19–22], clinicians and researchers 
alike must take important steps to ensure proper management of the recovering 
athlete. Intense scrutiny of residual physiological and functional deficits, as well as 
measuring and monitoring the athlete’s rate of pathophysiological recovery from 
concussive injuries must become a primary focus. By increasing collective efforts, 
we can hope to reduce short- and long-term health issues. Yet, despite this need, 
clinical management of the mild head-injured athlete has evolved relatively slowly.

One of the reasons that clinical management of concussion has remained largely 
unchanged is due partly to a disproportionate focus on functional cognitive testing. 
Neuropsychological testing remains the mainstay in determining the clinical recov-
ery for the concussed athlete. As neuropsychological testing is limited to cognitive 
functional performance, it has seemingly maximized its clinical utility at present. 
Therefore, clinical researchers need to push the constructs of other applicable and 
relevant diagnostic tools to provide athletes recovering from sports-related concus-
sion with better assessment and management tools. These tools must be able to 
distinguish residual functional and structural (physiological) recovery from 
mTBI. As both diffuse functional and structural injury are present in mTBI [23, 24], 
clinicians and researchers must develop and research both functional and structural 
diagnostic tools when treating the athlete recovering from concussion.

Several organizations include the presence of pathophysiology in their defini-
tions of concussion. Thus, it seems appropriate to utilize a physiological measure to 
denote the presence of concussion. Due to the diffuse nature of the injury and the 
consequential cognitive dysfunction, electroencephalograms or EEGs, which are 
able to systematically evaluate the underlying neural process that contributes to 
functional networks, are a sensitive and appropriate tool to evaluate the effects of 
concussive episodes.

EEG was first demonstrated in humans by Hans Berger in 1924 and published 
5 years later [25]. Since the neurons of the brain and their connections are con-
stantly active, EEG can be measured in an individual both during conscious and 
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unconscious states as seen in sleep and brain trauma. As such, EEG was the first 
brain assessment tool that was able to establish an alteration in brain function in a 
traumatic brain injury population [26, 27] and has continued to be useful in the brain 
injury field.

Early EEG research including 300 patients clearly demonstrated the slowing of 
major frequency bands and focal abnormalities within 48 hours post injury [28]. A 
study by McClelland et al. has shown that EEG recordings performed during the 
immediate post-concussion period demonstrated a large amount of “diffusely dis-
tributed slow-wave potentials,” which were markedly reduced when recordings 
were performed 6 weeks after injury [29]. Additionally, Tebano et al. showed a shift 
in the mean frequency in the alpha (8–10 Hz) band toward lower power and an 
overall decrease of beta (14–18 Hz) power in patients suffering from mTBI [30]. 
The reduction of theta power [31] accompanying a transient increase of alpha-theta 
ratios [32, 33] was identified as residual symptoms in concussion patients.

At the beginning of the twenty-first century, Gaetz and Bernstein [19] cited elec-
trophysiological techniques as the most commonly used method to evaluate brain 
functioning, noting the relatively low cost, noninvasive nature of the test, and the 
long, well-documented history dating back to the 1930s. Leon-Carrion et al. [34] 
echo the benefits defined by Gaetz and Bernstein and also speak to the uncompli-
cated procedure, high test-retest reliability, and characteristic stability of EEGs as 
additional features that contribute to its appropriateness as a diagnostic testing tool.

 The Nature of EEG

EEG reflects the electrical activity of the brain at the level of the synapse [35]. It is 
the product of changing excitatory and inhibitory currents. More specifically, graded 
postsynaptic potentials of the cell body and dendrites of vertically orientated pyra-
midal cells in cortical layers three to five give rise to the EEG recorded on the scalp. 
The ability to record the relatively small voltage at the scalp from these actions 
results from the fact that pyramidal cells tend to share a similar orientation and 
polarity and may be synchronously activated. Action potentials contribute very little 
to the EEG. However, since changes at the synapse do influence the production of 
action potentials, there is an association of EEG with spike trains [36]. The summa-
tion of these electrophysiological measures is precisely what makes EEGs better 
suited for the study of concussion compared to several other types of brain imaging 
techniques.

Historically, the system of locating electrodes in EEG is referred to as the 
International 10–20 system [37]. The name 10–20 refers to the fact that electrodes 
in this system are placed at sites 10% and 20% from four anatomical landmarks. 
One landmark is the front of the nasion (the bridge of the nose). In the rear of the 
head, the inion (the bump at the back of the head just above the neck) is used. The 
left and right landmarks are the preauricular points (depressions in front of the ears 
above the cheekbone). In this system, the letters refer to areas of the brain; 0 = occip-
ital, P = parietal, C = central, F = frontal, and T = temporal. Numerical subscripts 
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indicate laterality (odd numbers left, even right) and degree of displacement from 
the midline (subscripted z). Thus, C3 describes an electrode over the central region 
of the brain on the left side whereas Cz would refer to an electrode placed at the top 
of the scalp above the central area. With the development of dense array systems, 
the historical 10–20 system has been greatly expanded (see Fig. 4.1 for an exam-
ple cap).

To record the EEG, electrical signals of only a few microvolts must be detected 
on the scalp. A signal can be found by amplifying the differential between two elec-
trodes, at least one of which is placed on the scalp. Since the signal must be ampli-
fied almost one million times, care must be taken that the resulting signal is indeed 
actual EEG and not artifact. Where the electrodes are placed and how many are used 
depend on the purpose of the recording. Almost all EEG procedures currently use a 
variety of EEG caps with up to 256 electrodes built into the cap, although it is 
always possible to record EEG from only two electrodes. Those recording caps that 
use 128 to 256 electrodes are generally referred to as dense array EEG recordings 
and are used in most research settings. However, research in clinical situations, such 
as the hospital emergency room, has shown that as few as 5 electrodes can be used 
for the screening of mild traumatic brain injuries [38]. That study demonstrated that 
EEG showed a 94.7% accuracy rate when compared with computed tomography for 
detecting mild traumatic brain injuries, highlighting the potential of using even 
simple EEG montages for detecting concussions in a sports setting.

Fig. 4.1 128-electrode cap applied during routine EEG recording
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 EEG Frequency Bands

One important parameter of EEG is the determination of frequency. Although there 
are some minor discrepancies in the literature in terms of the beginning and ending 
of the specific frequency band, a general template is presented in Table  4.1. 
Frequency bands are generally determined through signal processing techniques 
such as Fourier analysis and wavelet analysis.

Alpha activity can be seen in about three-fourths of all individuals when they are 
awake and relaxed. Asking these individuals to further relax and close their eyes 
will result in recurring periods of several seconds in which the EEG consists of rela-
tively large, rhythmic waves of about 8–12 Hz. This is the alpha rhythm, the pres-
ence of which has been related to relaxation and the lack of active cognitive 
processes. If someone who displays alpha activity is asked to perform cognitive 
activity such as solving an arithmetic problem in their head, alpha activity will no 
longer be present in the EEG. This is referred to as alpha blocking. Typically, cogni-
tive activity causes the alpha rhythm to be replaced by high frequency, low ampli-
tude EEG activity referred to as beta activity. Since the discovery of the alpha 
rhythm, a variety of studies have focused on its relationship to psychological pro-
cesses and broad developments of the cognitive and affective neurosciences ampli-
fied this interest [see [39, 40] for reviews].

High-frequency activity occurs when one is alert. Traditionally, lower voltage 
variations ranging from about 18 to 30 Hz have been referred to as beta and higher 
frequency, lower voltage variations ranging from about 30 to 70 Hz or higher are 
referred to as gamma. Initial work suggests that gamma activity is related to the 
brain’s ability to integrate a variety of stimuli into a coherent whole. For example, 
Tallon-Baudry and colleagues [41] showed individual pictures of a hidden Dalmatian 
dog that was difficult to see because of the black and white background. After train-
ing individuals to see the dog, differences in the gamma band suggested meaningful 
and non-meaningful stimuli produced differential responses.

Additional patterns of spontaneous EEG activity include delta activity (0.5–4 Hz), 
theta activity (4–8 Hz), and lambda and Kcomplex waves and sleep spindles, which 
are not defined solely in terms of frequency. Theta activity refers to EEG activity in 
the 4–8 Hz range. Grey Walter [42], who introduced the term theta rhythm, sug-
gested that theta was seen at the cessation of a pleasurable activity. More recent 

Table 4.1 Frequency ranges for each given bandwidth

Bandwidth 
name Frequency Brain function correlation
Delta 0.5–4 Hz Deep sleep, memory consolidation, infant resting state
Theta 4–8 Hz Beginning phases of sleep, working memory, information uptake 

and processing
Alpha 8–13 Hz Relaxation/meditation, mind-body integration
Beta1 13–24 Hz Active thinking, problem solving, decision making
Beta2 24–32 Hz
Gamma 32–60 Hz Heightened perception and processing
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research associated theta with such processes as hypnagogic imagery, REM (rapid 
eye movement) sleep, problem solving, attention, and hypnosis, and source analysis 
of midline theta suggests that the anterior cingulate is involved in its generation 
[42]. In an early review of theta activity, Schacter [43] suggested that there are actu-
ally two different types of theta activity: (1) theta activity associated with low levels 
of alertness as would be seen as one falls asleep and (2) theta activity associated 
with attention and active and efficient processing of cognitive and perceptual tasks. 
This is consistent with the suggestion of Vogel et al. [44] that there two types of 
behavioral inhibition, one associated with a gross inactivation of an entire excitatory 
process resulting in less active behavioral states and one associated with selective 
inactivity as seen in over-learned processes.

Delta activity is low frequency (0.5–4 Hz) and has been traditionally associated 
with sleep in healthy humans as well as pathological conditions including cerebral 
infarct, contusion, local infection, tumor, epileptic foci, and subdural hematoma. 
The idea is that these types of disorders influence the neural tissue that in turn cre-
ates abnormal neural activity in the delta range by cutting off these tissues from 
major input sources. Although these observations were first seen with intracranial 
electrodes, more recent work has found similar results using MEG and EEG tech-
niques. Additionally, EEG delta activity is the predominant frequency of human 
infants during the first 2 years of life.

 EEG and Concussion

While conventional EEGs are not part of the current clinical “gold-standard” assess-
ment battery, a number of studies show EEG differences in those individuals suffer-
ing from concussion compared to healthy controls [see [45] for an overview]. Of the 
differences observed on conventional EEGs, the most common abnormalities seen 
are generalized or focal slowing as well as weakened posterior alpha in mTBI 
patients [28, 46, 47]. These deficits were found in the immediate post-injury period 
(within a few hours of a concussive episode); however, similar findings have been 
reported even when there is a longer period between injury occurrence and 
evaluation.

These common abnormalities seen on conventional EEG recordings usually 
resolve within the first few months post injury [48], similar to the resolution of 
functional and symptomatic deficits in concussive recovery. However, up to 10% of 
individuals diagnosed with mTBI still show atypical electrophysiological readings 
in the late post-injury period [48, 49]. This small but significant portion of individu-
als who show electrophysiological abnormalities in the late post-injury period par-
allels those individuals who have atypical resolution of concussive symptoms and 
functioning.

Traditionally, in clinical settings, conventional EEGs were interpreted by the 
visual inspection of raw EEG signals. However, studies show that visual inspection 
of EEG lacks the sensitivity to detect changes following concussion. With the 
advancement of computerized signal processing techniques, there is a growing body 
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of literature that suggests more complex EEG paradigms may be used to assess 
changes in functional status after concussive injuries [9]. Compared to visually 
inspected EEGs, computerized EEG analyses are advantageous because they can 
detect subtle differences in signal patterns and shifts not visible to the naked eye 
[23]. Due to these benefits, Cannon et al. [50] indicated the usefulness of EEG as an 
assessment tool for brain injury is due to its “direct signature of neural activity” and 
“ideal temporal resolution.”

Several different types of variables can be isolated using quantitative EEG meth-
ods. Spectral analysis, relative amplitude, and power in particular frequency band-
width, coherence, and phase are the most common types of analyses performed in 
EEGs. In terms of mTBI, frequency and coherence analyses of particular cortical 
areas can offer important information [9, 23, 51]. By examining the pattern of activ-
ity between the cortical areas, it is also possible to delineate brain networks, see how 
they are involved in different types of tasks, and determine how they differ under 
certain conditions such as the presence of a concussion.

Coherence analysis describes how the EEG signal at each of two electrodes is 
related to one another. In other words, coherence reflects the manner in which two 
signals “co-vary” at a particular frequency and represents the correlation of signal 
phase stability between two different electrodes. Coherence measurements within 
the same frequency band offer an estimate of the temporal relationships between 
adjacent neural systems. Like correlation, coherence is a measure between 0 and 1, 
where 1 represents a perfect phase correlation between two groups and 0 represents 
no correlation. Thus, in performing the coherence analysis, one can also obtain a 
measure of phase or synchrony (see Fig. 4.2 for an example of various EEG outputs).

The particular interest in EEG coherence is due to the biological nature of con-
cussive injury. The brain structures involved in neural connectivity, such as the 
reticular system activation and thalamocortical tracts, are the structures most likely 
to be affected by concussion. Considering the probability that these areas are altered 
following concussion, frequency and coherence analyses are likely to be the most 
sensitive electrophysiological measures to indicate deficits due to concussive injury.

According to Arciniegas [23], frequency measures can vary with the number of 
neurons (smaller number, smaller amplitude/power), the integrity of the thalamo-
cortical circuits in which the neurons contribute (injury to the circuit causes slower 
frequencies), and the influence of activation from the reticular system (increases in 
reticular system activity cause higher frequencies, while decreases in reticular sys-
tem activity cause lower frequencies). Coherence, which by definition correlates the 
frequency measures between two different electrodes, may indicate the level of 
communication between different areas of the brain and signify neural network con-
nectivity and dynamics [23]. Reduced coherence values can be attributed to damage 
in myelinated fibers and/or gray matter. If lowered coherence values are seen in 
concussion patients, it is still unknown which of these factors, or if a combination 
of all of them, produces these results.

Each concussive episode is individualized and may produce different changes in 
the brain. In turn, one might expect that the respective EEG measures would be dif-
ferent in each concussion patient. While the electrophysiological deficits found for 
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each concussive episode remain unique, several consistent EEG patterns have been 
identified. According to a review by Arciniegas [23], the most common EEG find-
ings in concussion include: (1) a decrease in mean alpha frequency [30, 33, 52–55], 
increase in theta activity [29, 31, 56, 57], or increased alpha-theta ratio [32, 33, 52, 
55, 58], lessened alpha and beta power between anterior and posterior regions, 
weakened alpha power (posterior region), and increased coherence between frontal 
and temporal regions [59–61].

Along with these findings, a review by Nuwer et al. [47] listed other common 
EEG findings after concussive episodes. These findings concluded that changes in 
EEG measures resolved along the same timeline as symptoms, with gradual changes 
mainly occurring over weeks to months. They also found that left temporal slowing 
may correspond to lingering cognitive symptoms. Importantly, in all the studies 
evaluated by Nuwer, coherence was not correlated to outcome or diffuse axonal 
injury. Due to how quickly EEG patterns can change in an mTBI population [23], it 
is critically important that research involving individuals being tested after a con-
cussive injury are evaluated at as similar time points as possible.

Evidence provided by Thornton [62] and Thatcher [63] indicates that the EEG 
patterns seen in a concussed athlete do not change over time and, therefore, should 
be present at the initial time of injury. While this is useful in describing EEG as a 
possible tool in diagnosing and evaluating concussed individuals, it also indicates 
that concussive episodes, even “mild” or “typical” episodes, cause long-lasting 

Fig. 4.2 An example of various EEG outputs: (top panel) wave frequency; (middle panel) exam-
ple of ICA analysis; (bottom two panels) frequency domain color map where warm colors, that is, 
red, indicate higher activity. (Used with permission from Slobounov et al. [108])
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alterations in brain electrophysiology. Work by Barr et al. [64] showed that despite 
improvement or normal levels of cognitive functioning, brain patterns remain 
altered in mTBI patients. This further suggests that the brain may not completely 
heal from concussive episodes; instead, the individual learns to compensate for the 
deficit in order to achieve normal performance. The idea of compensation instead of 
recovery has been examined in a study by Thornton [65] and discussed in a book 
chapter [51].

A study by Theriault and colleagues revealed the cumulative effects of concus-
sions in athletes by EEG abnormalities on visual working memory. They found that 
athletes with a history of three or more concussions exhibited significantly reduced 
sustained posterior contralateral negativity (SPCN) amplitude, relative to both ath-
letes without concussion and those with only one or two prior concussions [66]. 
Sustained posterior contralateral activity has been shown to indicate the processing 
of visual stimulus, specifically in relation to a changing visual environment [67]. 
Additionally, SPCN amplitude was found to significantly correlate with the number 
of previous concussions, indicating visual working memory storage is further 
depleted with successive concussions [66].

Two prominent studies have examined the reproducibility of EEG absolute mea-
sures. First, a study by Corsi-Cabera et al. [68] tested nine subjects 11 times over a 
1-month period. When looking at absolute amplitude, the median correlation coef-
ficient over the 11 sessions was 0.94 while alpha and beta bands showed greater 
variability than any of the other bands. Pollock et al. [69] evaluated test-retest reli-
ability in each bandwidth over a 20-week period on 46 normal controls. Absolute 
amplitude in theta, alpha, and beta1 had correlation coefficients that exceeded 0.60 
while beta2 and delta correlation coefficients were found to be lower, with delta 
showing the poorest correlation. The authors also found that absolute amplitude has 
higher correlation coefficients than relative power and is, therefore, recommended 
for use in future studies. The high levels of correlation found in these studies, com-
bined with the varying intervals between testing sessions (a common feature in 
concussion testing), imply that absolute amplitude is an appropriate measure for 
research purposes.

Although related to amplitude, several studies have separately analyzed the 
reproducibility of power (see Figs. 4.3 and 4.4 for an example of a power map). 
Salinksy et al. [70] tested absolute and relative power and found correlation coeffi-
cients of 0.84. Tests were run between 12 and 16 weeks apart on 25 normal controls. 
Cannon et al. [50] examined test-retest EEG power reliability by examining 19 nor-
mative controls over a 30-day testing period. Each participant was recorded for a 
4-minute interval under an eyes open and eyes closed condition. Intraclass correla-
tion coefficients for absolute power were 0.90 for eyes closed data and 0.77 for eyes 
open data. The results of these studies closely mimic those found when evaluating 
amplitude, with power having sufficiently high levels of reliability over both short 
(days) and long (months) testing periods.

Mathematically distinct from amplitude and power, researchers have spent time 
considering the reproducibility of coherence values. Studies by Harmony et al. [71] 
and Nikulin and Brismar [72] evaluated the reproducibility of coherence during rest 
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Fig. 4.3 Power images for the beta frequency band during the eyes closed seated baseline EEG 
condition for the control (left) and concussed (right) groups. (Used with permission from Teel 
et al. [109])

a Theta Power (4-7 Hz) Evolution from pre-test to post-test on Stroop Interference Condition

b Alpha Power (8-12 Hz) Evolution from pre-test to post-test on Stroop Interference Condition
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Fig. 4.4 An example EEG power map. (a) shows theta power map and (b) shows alpha power 
map. (Used with permission from Barwick et al. [110])
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and cognitive tasks in individuals. Both studies found good correlations within a 
given task or under resting-state conditions, but Harmony et al. reported much lower 
correlation values between sessions, even within the same subject during the same 
condition.

While these early tests show low levels of reproducibility, even within testing 
sessions, more recent research has provided vastly different results. The Cannon 
et al. [50] study mentioned earlier also examined coherence over a 30-day testing 
period. For eyes closed coherence measures, intraclass correlation coefficients 
(ICCs) for delta, theta, alpha, and beta bandwidths were all greater than 0.90. For 
the eyes open condition, coherence in all bandwidths had ICCs above 0.85. This 
indicates “good” to “very good” reproducibility for all EEG variables examined and 
deems coherence as a reliable enough measure to use in both a research and clinical 
setting.

In all of the studies presented, roughly half of the variance seen in all EEG vari-
ables was reproducible within the given subject. These measures have all been 
determined to have a sufficient level of reproducibility to use in future research. 
However, it should be noted that these results do not necessarily indicate that EEG 
can currently be considered a reliable diagnostic tool and differentiate between con-
cussed and healthy individuals.

Although there are many benefits to using EEGs in concussion research and a 
wealth of knowledge has been gained, the use of EEGs in this type of research is not 
without its criticisms and limitations. Nuwer et al. [47] questioned the use of EEG 
in concussion research, citing the lack of clear EEG features that are specifically 
unique to mTBI patients, especially late after injury. While there is merit to a lack 
of unique abnormalities, several studies [73, 74] have found deficits in concussed 
participants up to 3 years post injury. Additionally, another study found that relative 
to former athletes with no history of sports concussion, former athletes who sus-
tained their last sports concussion more than 30  years ago reveal cognitive and 
motor system alterations that closely resemble those found in previous electrophysi-
ological studies on asymptomatic concussed athletes tested at 3 years post concus-
sion [75]. This implies that there may be lifetime effects of sports-related concussion 
that are measurable using EEG.

Most EEG and concussion research focuses on lower frequency bands, but sev-
eral studies by Thornton [51, 62, 65, 74] demonstrated that extending the frequency 
to include gamma bands provides important additional information, particularly 
between correlating EEG variables and the participant’s cognitive deficits. 
Additionally, most research and consequently normative databases provide infor-
mation solely about eyes closed conditions. This severely limits the type of cogni-
tive testing that can be simultaneously completed, restricting neuropsychological 
testing to auditory-based tests. While auditory-based cognitive research has pro-
vided valuable EEG patterns, such as those outlined in Thorton and Carmody [51], 
several cognitive domains cannot be adequately assessed via auditory tasks. As 
mentioned above, the link between EEG patterns and cognitive domains, such as 
visual memory and attention, remains weakly established, with further research 
ongoing.
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Additionally, further consideration when validating EEG as a tool for “on field” 
concussion assessment should be given to the standardization of EEG baseline test-
ing protocol, particularly with respect to the effects of exercise on baseline levels. 
Portable EEG devices can in theory be used “on field” as an objective measure of 
change in cortical activity directly after a head injury [76], but exercise, in addition 
to changes in cognitive function measures, also increase cortical activity measured 
by EEG. Although a limited amount of evidence shows that EEG spectrum differs 
before and after acute bouts of exercise, it has been identified in connection with 
changes in alpha and beta range [77–79].

In summary, reviews by Arciniegas [23] and Nuwer et al. [47] have cited numer-
ous studies that have proven EEG is a useful tool for identifying and managing 
concussive injuries. While EEGs are one of the least expensive and easiest to use 
neuroimaging tools, the expertise needed to administer and evaluate EEG results, as 
well as the lack of research between EEG and concussion, has kept EEG evaluations 
from becoming part of the current clinical gold standard. The most comprehensive 
EEG study using a database of 608 mTBI subjects that were followed up to 8 years 
post injury revealed a number of findings. These include the following: (a) increased 
coherence in frontal-temporal regions; (b) decreased power differences between 
anterior and posterior cortical regions; and (c) reduced alpha power in the posterior 
cortical region, which was attributed to mechanical head injury [61]. A study by 
Thornton [71] has shown a similar data trend in addition to demonstrating the atten-
uation of EEG within the high-frequency gamma cluster (32–64  Hz) in mTBI 
patients. Overall, resting EEG has demonstrated alterations in power dynamics 
across electrical spectra [23], increased short-distance coherences [80], and 
decreases in connectivity across long-distance connections [80]. These consistent 
findings in resting EEG and mTBI research point to the sensitivity and validity of 
using EEG in the assessment and management of concussion. Resting-state electro-
encephalography (rs-EEG) may also be the most affordable, accessible, and sensi-
tive method of assessing severity of brain injury and rate of recovery after a 
concussion [81]. However, it should be noted that one controversial report con-
cluded that no clear EEG features are unique to mTBI, especially late after 
injury [47].

 Current Work from Our Lab

In our previous work, a significant reduction of the cortical potentials amplitude and 
concomitant alteration of gamma activity (40 Hz) was observed in MTBI subjects 
performing force production tasks 3  years post injury [73]. More recently, we 
showed a significant reduction of EEG power within theta and delta frequency 
bands during standing postures in subjects with single and multiple concussions up 
to 3 years post injury [74] and reduced amplitude of cortical potentials (MRCP) up 
to 30 days post injury [82].

We applied advanced EEG-wavelet entropy measures to detect brain functional 
deficits in concussion subjects. These EEG measures were significantly reduced 
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after the first and more significantly after the second concussion far beyond 7 days 
post injury. Most importantly, the rate of recovery of EEG entropy measures was 
significantly slower after second concussion compared to the first concussion [26]. 
Recently, we reported the alteration of EEG signals in concussion subjects detected 
by a novel measure of nonstationarity, named Shannon entropy of the peak fre-
quency shifting [83]. These findings are complementary to our previously published 
concussion report indicating the presence of residual deficits in concussion subjects 
detected by multi-channel EEG signals classifier using support vector machine [84]. 
We also conducted an EEG resting-state study and reported the alteration of cortical 
functional connectivity in concussion subjects revealed by graph theory, ICA, and 
LORETA analyses. Overall, a clear departure from a small world-like network was 
observed in concussion subjects [80].

The presence of a residual disturbance of the neuronal network is involved in the 
execution of postural movement in concussion subjects incorporating EEG and 
VR-induced measures [85]. As shown in Fig. 4.5, there was a significant increase of 
theta power during the progression of a balance task. Specifically, this theta increase 
was obvious initially at central areas with further diffusion to frontal electrode sites 
bilaterally. Interestingly, no significant theta power was present in concussed sub-
jects at either phase of postural task progression. Most recently, we reported that 
85% of concussion subjects who showed significant alteration of alpha power in 
acute phase of injury did not return to pre-injury status up to 12 months [26].

Another recent EEG-related study in our lab examined the practical use of the 
supplement Enzogenol, an extract of the Pinus radiata tree with antioxidant, anti- 
inflammatory, and possible neuro-protective properties, as a combatant of the 
chronic effects of sports concussion (6 months–3 years). Post-concussion symptom 
scale, virtual reality, and neurocognitive testing were administered to subjects with 
history of concussion both prior to and after being provided either Enzogenol or a 
placebo daily for 3 months. EEG recording was administered during testing, exam-
ining differences in brain activity within groups.

EEG results showed mental fatigue during testing in subjects through alpha, 
beta, and theta frequencies, which reflect arousal levels of the brain. Increases in 
mental fatigue, a noted symptom of the acute and chronic phase of concussion, was 
further induced by the strenuousness of the virtual reality and neuropsychological 
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Fig. 4.5 Example 2D plots grand-average of theta power as the postural task progressed at 10, 15, 
and 27 seconds in before and after mTBI time points. EEG data included during the VR “roll” 
condition. Note a significant enhancement of theta power over frontal-central electrode sites as 
trial progressed during baseline, but not in concussed subjects. (Used with permission from: 
Slobounov et al. [111])
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testing. Most notably, the EEG results during testing showed modulation and atten-
uation of FMT power, and parietal theta. The increase in FMT, more evident in the 
Enzogenol group, implied increases in brain resource allocation during focus and 
task completion, and with reference to previous findings could indicate that untreated 
subjects are less able to allocate brain resources during prolonged neuropsychologi-
cal testing. With regard to the shift of theta bands to posterior regions; this has been 
connected to mental fatigue [86] and decreased efficiency of cognitive tasks [87]. 
The Enzogenol group did show less posterior theta which is certainly a promising 
indication of potential supplemental benefits on neurocognitive function in the 
chronic phase of concussion, but the most glaring conclusion of this study with 
regard to EEG, is its usefulness and sensitivity in measuring small changes in brain 
activity in concussion subjects [88].

 Compensatory Approach During Concussion 
Assessment Batteries

Several studies have found electrophysiological deficits in asymptomatic concussed 
participants [26, 89, 90]. In these studies, concussed participants displayed normal 
levels of cognitive functioning, yet continue to show physiological dysfunction on 
EEG measures. The authors cite an unknown compensatory mechanism as an expla-
nation for the findings. As part of our research, we sought to investigate this com-
pensatory mechanism in more detail. In order to assess this, we chose to record EEG 
signals while participants were completing clinical concussion assessment mea-
sures. Subjects took the Immediate Post-Concussion Assessment and Cognitive 
Testing (ImPACT) neuropsychological assessment as well as completed VR balance 
and spatial navigation modules. They also participated in EEG resting-state evalua-
tions in order to highlight the differences between clinical cognitive and balance 
performance and neuroelectric measures.

In a sample of 13 normal volunteers and 7 concussed participants, no differences 
were found between groups on ImPACT and VR composite outcome scores. When 
looking at outcomes, the only group difference was worse stationary balance in the 
concussed group. However, several significant group differences were found when 
looking at the EEG variables. For EEG resting-state and ImPACT conditions, the 
concussed group had significantly lower power in the theta and beta bandwidths. 
Additionally, the concussed group had significantly lower alpha power during the 
ImPACT conditions and significantly lower delta power in the VR conditions. 
Conversely, the concussed group displayed significantly higher levels of coherence 
during EEG resting-state and ImPACT evaluations, but lower levels of coherence 
during VR balance and spatial navigation testing.

Overall, for EEG resting state and ImPACT, results indicated that concussed par-
ticipants could not establish enough local effort (seen via lower power), so they 
recruited additional long-distance network connections (seen via the increased 
coherence). By recruiting additional networks, the concussed participants were able 
to successfully compensate for their neuroelectric deficits and produce normal 
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clinical results. This research indicates a disconnect between cognitive and neuro-
electric resolution. Future research projects aim at determining whether cognitive 
functions resolve before physiological function or if current clinical concussion 
assessments are not sensitive enough to detect the residual effects of concussion.

 “Return to Play” and EEG Concussion Research

One specific aspect of concussion injury that is still lacking in research is the area 
of return to work or play. In 2004, the World Health Organization (WHO) task force 
found no studies that demonstrate acceptable evidence to suggest when a person or 
athlete may safely return to work or the athletic field. A decade later, the International 
Collaboration on Mild Traumatic Brain Injury Prognosis (ICoMP) formed to update 
the original WHO Task Force publications, stating that although return to play 
guidelines are widely used, there are no studies of acceptable standard that assess 
their impact on fitness to play or prevention of additional injury [91]. They also 
stated that there is some evidence suggesting that the majority of athletes were 
assessed for return to play within the same game or within a few days post injury 
[91]. Despite the growing concern over return to play after sport concussion, 
research quality continues to be poor, establishing little to no methodological 
advances since the WHO Task Force review in 2004.

Additionally, return to play decision-making tools, like the Zurich Consensus 
guidelines, are based on expert opinion and clinical judgment, rather than scientific 
evidence [16]. As it has demonstrated its ability to identify physiological differ-
ences in the recovery from TBI, EEG should be considered as a feasible diagnostic 
tool for recommendations given to athletes returning to activity and sport.

EEG has been used to study concussion or mTBI throughout many phases of 
recovery from acute, sub-acute to chronic or long term. One clinical-stage EEG has 
not been used is within the “Return to Play” stepwise progression back into athletic 
participation. The “Return to Play” protocol is the internationally accepted method 
for the safe return to activity of an athlete recovering from concussion [16]. This 
formalized “Return to Play” protocol has been in place since the original 2001 
Concussion in Sport Group (CISG) Consensus Statement and with continued 
updates is widely accepted as the “Gold Standard” for returning athletes to competi-
tion but without evidence to support either the progression sequence or the time 
spent in each stage [18].

Under this procedure, “Return to Play” after a concussion follows a stepwise 
progression of increasing efforts and risk as outlined in Table 4.2. An initial period 
of 24–48 hours of both relative physical rest and cognitive rest is recommended 
before beginning the RTS progression [1]. Once asymptomatic and cleared by a 
supervising physician, the athlete may progress to a light aerobic exercise such as 
walking or stationary cycling. This light aerobic challenge is limited by restricting 
an athlete to <70% of their calculated maximum heart rate.

With this activity progression, each stage of increasing efforts should be sepa-
rated by 24  hours with health professionals monitoring the athlete and their 
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symptom status. If any of the athlete’s post-concussion symptoms should manifest 
before, during, or after a stage within the protocol, the athlete is instructed to drop 
back to the previous asymptomatic stage and try to progress again after a further 
24-hour period of rest.

In our lab, we investigated the use of EEG as a supplementary tool in the clinical 
assessment of concussion during the “Return to Play” phase of recovery. Specifically, 
we looked at the differential effect of exercise (modified YMCA Bike protocol) on 
the quantitative EEG measures of spectral absolute power and coherence in normal 
volunteers vs. concussion subjects. There were several major findings from this 
study. Of particular clinical significance was that all concussed subjects had met the 
clinical criteria for asymptomatic at rest [92] for a period of at least 24 hours prior 
to exercise testing. These athletes had also been cleared by a sports medicine physi-
cian for the initiation of the “Return to Play” protocol as outlined above.

When completing the modified YMCA bike protocol, there were no group differ-
ences in dynamic measures of heart rate at any time and both groups demonstrated 
no differences in symptom presentation after completion. However, some differ-
ences were evident when reviewing the physiological data from the EEG evaluation. 
Both groups demonstrated no regional power differences at rest and at 24-hour fol-
low- up. In addition, both groups demonstrated no significant differences in mean or 
regional coherence values at rest or at 24-hour follow-up. Historically within the 
literature, abnormal attenuation of alpha power and an increase in focal slow wave 
distribution is short lasting and typically returns to normal within the sub-acute 
phase of experimental concussion [93–95]. Further, in a recent quantitative EEG 
examination by McCrea et  al. no resting-state differences in athletes recovering 
from concussion at days 8 and 45 post injury were found when compared to age- 
matched controls [96]. Within the neural imaging research, resting-state fMRI find-
ings of concussion cohorts at rest do not vary significantly from normal volunteers 
[97]. This is an important finding as researchers look to develop the clinical signifi-
cance of EEG as a diagnostic tool for concussion. Resting-state EEG measurement 
remains largely normal as reported throughout the literature.

Table 4.2 Graduated “return to play” protocol

Stage/aim Activity Objective
1.  Symptom- 

limited activity
Daily activities that do not provoke 
symptoms

Gradual reintroduction of work/
school activities

2.  Light aerobic 
exercise

Walking or stationary cycling at slow to 
medium pace. No resistance training

Increase heart rate

3.  Sports-specific 
exercise

Running or skating drills. No head 
impact activities

Add movement

4.  Non-contact 
training drills

Harder training drills, for example, 
passing drills. May start progressive 
resistance training

Exercise, coordination, and 
increased thinking

5.  Full contact 
practice

Following medical clearance, participate 
in normal training activities

Restore confidence and assess 
functional skills by coaching 
staff

6. Return to play Normal game play
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There were group differences however with the modified YMCA Bike protocol 
causing an increase in Alpha, Beta, Theta, and Delta absolute power amplitudes 
across all regions (frontal, central, and posterior). Specifically, exercise significantly 
increased the power of Theta and Delta frequency ranges. Theta power increases 
stem from injury and pathophysiologic changes in the cerebral cortex [31]. As is 
known, concussion results in altered cerebral blood flow [98, 99], decreased energy 
metabolism [100], release of excitatory amino acids (EAA), and decreased post- 
synaptic function among other effects already mentioned. In the work by Nagata, 
they demonstrated that cortical blood flow (CBF) and oxygen (O2) metabolism cor-
related negatively with Delta and Theta power [101]. The lack of specificity of this 
effect linked with a range of pathological conditions suggests that increases of slow 
waves (Delta/Theta frequencies) represent a typical response to any brain injury, 
pathology, and disruption of neural homeostasis.

The inclusion of EEG as a physiologic tool proves to have some worth in exam-
ining the recovering athlete and may provide clinicians with valuable data when 
making “Return to Activity” decisions. Furthermore, as demonstrated by this inves-
tigation, exercise may be an effective mechanism for uncovering residual abnor-
malities in recovering athletes.

 Brain Lateralization Analysis, Psychological Symptoms, 
and the Evaluation of Both Using EEG

Brain lateralization has been a popular topic of research for many years and has 
been used to investigate neural processes in many different species. Specifically, 
brain lateralization describes the presence of asymmetrical signaling between the 
left and right hemispheres of the brain. The difference is seen in the power of the 
specific EEG waves mentioned in the EEG Frequency Bands section of this chapter. 
These differences in power can appear at various anatomical locations within the 
brain resulting in various outcomes, including differences in behavior, personality, 
and mood within a species as well as differences in developmental processes 
between different species [102]. To analyze the symmetrical components of the 
brain, one of the most commonly used tools is EEG. EEG has the ability to capture 
the difference in signaling between the two hemispheres in a practical, efficient 
manner, making it a leading tool in this field of study. Moreover, brain lateralization 
and EEG methods have been applied to research on many disorders, especially psy-
chological disorders. These studies have shown promising results that have helped 
provide insight on the neurophysiological basis behind psychological disorders.

Depression is one of the most prevalent mental health disorders, with studies 
showing it affecting nearly 17.5 million people annually across the United States 
[103]. With the complex nature of the disease, the diagnostic and treatment pro-
cesses have varying success depending on the individual. Since the late twentieth 
century, brain lateralization analysis through EEG has been a popular method for 
observing the differences between depressed and non-depressed brains. Pioneers of 
the topic had shown that individuals with depression present with alpha wave 
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asymmetries in the frontal cortex of the brain [104, 105]. Specifically, studies have 
shown increased approach behavior in subjects with a relative increase in left frontal 
activation whereas an individual with a relative increase in right frontal activation 
demonstrated stronger inhibitory behavior [104]. Furthermore, EEG has even shown 
asymmetries in subjects who do not suffer from depression but have a family history 
of the disorder. A study by Bruder et al. investigated EEG differences between chil-
dren with a family history of depression and children with no family history. Results 
supported noticeable EEG asymmetry present in the parietal brain region of the 
children who have at least one grandparent and one parent suffering from depres-
sion. More specifically, these individuals showed enhanced signaling in the right 
hemisphere relative to the left, resulting in asymmetrical readings [106]. There is 
still developing research for using brain lateralization on EEG as a diagnostic tool 
for depression; however, the progress made using this method to investigate psycho-
logical disorders is undeniable.

Depression is not only one of the most common psychological disorders through-
out the world; it is also the most common psychological symptoms following a 
concussion or mTBI. The onset of depression following the injury has been shown 
to affect recovery time, performance, and overall self-efficacy, making it a popular 
topic of interest [107]. The greatest challenge when assessing an athlete for psycho-
logical symptoms following a concussion is the fact that these symptoms are invis-
ible and often misconstrued by the athlete. However, EEG has potential to be a vital 
tool in assessing these symptoms objectively, by searching for brain asymmetries. 
Currently, our lab is conducting a study to explore the relationship between depres-
sion and concussion. Specifically, the study aims to investigate the physiological 
and functional differences between college-aged athletes who have depression, have 
a history of concussed, or have a combination of both. The physiological differences 
between groups will be measured using EEG while functional and cognitive perfor-
mance will be assessed. The study hopes to increase knowledge about the complica-
tions following a concussion, especially in the realm of psychological symptoms, as 
well as show how EEG can be used in future practice as part of the complete assess-
ment following a concussive injury.
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Biomechanical Studies of Impact 
and Helmet Protection

Andrew S. Mcintosh

 Introduction

Definitions of concussion have evolved over time and these definitions should 
inform our interpretation of past research. Studies on concussion in the not-too- 
distant past may have examined a constellation of brain injuries that are more severe 
than those currently considered as sport-related concussion (SRC). The current defi-
nition and signs and symptoms of SRC have been informed substantially by consen-
sus statements [1]. SRC is defined as the outcome of a biomechanical load applied 
to the head directly or indirectly. Helmets have a well-proven role in managing 
loads applied directly to the head. However, we have been more successful in devel-
oping helmets to prevent moderate-to-severe head injuries, rather than SRC. For 
example, in August 2020, Riddell, a major supplier of helmets for American foot-
ball, warned: “Contact in football may result in CONCUSSION-BRAIN INJURY 
which no helmet can prevent”.

Developing effective helmets for sport is challenging. Intrinsic and extrinsic fac-
tors and the exposure profile of the inciting event all require consideration and real-
ization in an affordable, lightweight and comfortable device that does not impede 
athletic performance or enjoyment. Intrinsic risk factors include age, gender, injury 
history, anatomy and behaviour. Extrinsic risk factors include the laws and rules of 
the game (especially around head contact), the environment (e.g. the playing surface 
from soft ground to ice) and the use of personal protective equipment and/or coach-
ing strategies. The inciting event might be summarized into a small predictable 
pattern (e.g. in soccer head-to-head or arm-to-head impacts during the aerial contest 
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for the ball, also known as “elbowing”), be broad, or even unknown. Through the 
use of video and wearable head impact sensors, knowledge is being gained regard-
ing exposure profiles across many sports and levels of play. In the context of SRC, 
this chapter describes current knowledge regarding helmet performance, consider 
helmet design characteristics and standards, human factors, research and develop-
ment needs, and opportunities. A focus of the chapter is on padded or softshell 
headgear that is worn in sports such as rugby union, Australian football and com-
bat sports.

 Epidemiological Approaches – Effectiveness and Efficacy

Epidemiological studies in sport show that at present helmets cannot be relied upon 
as the primary method to prevent concussion [2–4]; Table 5.1. In a sporting team or 
organization, it is not possible to satisfy a duty of care by mandating helmet use. In 
some sports, for example, Australian rules football, rugby union, rugby league and 
soccer, there is no evidence that helmets, referring to padded headgear, may prevent 
concussion. In American football and ice hockey, the epidemiological evidence 
regarding the benefits of helmets in preventing concussion is inconclusive. In both 
these sports, there is inconsistent evidence that helmets are effective in preventing 
head injuries overall.

One of the major impediments to the use of epidemiological methods to assess 
the role of helmets in sports that have mandatory helmet use, for example, American 
football, is that comparisons can only be made between types of helmets, not 

Table 5.1 Summary of effectiveness of helmets in preventing concussion

Sport
Concussion rate 
(games)

Proportion of 
injuries (%) Helmet mandatory

Effective in 
reducing 
concussion

Rugby 
union

4.1–6.9 per 1000 player 
hours (all levels)

5–15 No No

American 
football

0.5–5.3 per 1000 
athletic exposures (high 
school and collegiate)

5 Yes Inconclusive

Football 
(soccer)

0.06–1.08 per 1000 
player hours

3 No No

Ice hockey 0.2–6.5 per 1000 player 
hours (collegiate and 
professional)

2–19 Yes, including face 
shields in some 
competitions

Inconclusive

Bicycle 
riding

Not quantified Depends on 
sample 
inclusion 
criteria

City, state and 
country dependent

Yes

There are variations in injury rate measures based on injury definitions, exposure measurements, 
chosen denominator, level of play and age groups assessed
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between athletes assigned randomly to a helmet group and a no helmet group. In 
2013, McGuine’s study reported no difference in concussion risk by helmet brand 
or year of manufacture amongst high school football players [5]. In an earlier study, 
Collins observed that a smaller proportion of high school football players wearing 
the then new Riddell Revolution® helmet were concussed (5.3%) than players 
wearing standard helmets (7.6%) [6]. A comparison between players wearing and 
not wearing a helmet is not possible. Thus, the overall benefit remains unclear. To 
this end, one American football helmet manufacturer advises the public that: 
“Scientists have not reached agreement on how the results of impact absorption 
tests relate to concussions. No conclusions about a reduction of risk or severity of 
concussive injury should be drawn from impact absorption tests”, “No helmet sys-
tem can prevent concussions or eliminate the risk of serious head or neck injuries 
while playing football”, and “No helmet system can protect you from serious brain 
and/or neck injuries including paralysis or death. To avoid these risks, do not engage 
in the sport of football” [7].

Other issues, for example, non-compliance, confound the conduct, results and 
analysis of epidemiological studies. Non-compliance may arise in sports where 
helmet use is not mandatory and athletes are randomized to a helmet-wearing 
group but do not normally wear a helmet. In the largest randomized control trial 
of helmets in sport, the author and colleagues found actual helmet wearing com-
pliance to be poor in each of the three study arms, which may have weakened the 
positive trend observed with the “modified” helmet for those players who stuck 
with wearing the helmet during the study [8]. In a compliance analysis, wearers 
of the “modified” headgear compared to non-wearers had a non-significant 
reduction of greater than 50% in the likelihood of concussion causing one missed 
game. Players reported that the “modified” helmet, which was thicker and heavier 
than the “standard” design, felt stiff and uncomfortable. Although helmets in 
rugby union are substantially lighter than in American football, the perception 
relative to the experience of an even lighter headgear or no headgear influenced 
compliance.

Bicycle helmets have been shown to reduce the likelihood of concussion when 
the injury patterns of helmet wearing bicycle riders are compared to non-wearers. In 
an analysis of admissions to a major metropolitan trauma centre bicycle riders wear-
ing helmets were observed to have a 54% reduction in the likelihood of concussion 
and a 66% reduction in the likelihood of intracranial injury (including concussion) 
compared to bicycle riders not wearing a helmet [9]. In bicycle crashes with motor 
vehicles, a training hazard for professional and recreational sports cyclists, the 
majority of brain injuries (79%) were considered concussive or involved loss of 
consciousness [10]. Moderate concussive injuries were associated with a 46% 
reduction if a helmet was worn. Concussion cases in trauma admission data may be 
based on different diagnostic criteria, for example, the International Classification 
of Disease (ICD) or the Abbreviated Injury Scale (AIS), than those in many helmet 
studies in football where the sports concussion consensus guidelines have been 
applied.
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 Helmet Characteristics

The most important functional characteristic of a helmet in the context of concus-
sion is impact energy attenuation; a characteristic that has also been referred to as 
acceleration management. Ideally, the impact will cause the helmet to deform a 
substantial proportion of its thickness, without fully deforming or “bottoming out”. 
The liner of the helmet or, the entire helmet in the case of padded headgear worn in 
rugby union, largely determines the impact energy attenuation performance. In 
short, the greater the deformation of the helmet, the greater the reduction in impact 
force as well as in head acceleration. The helmet can also distribute the impact force 
over an area larger than the contact area. In helmets with a well-established role in 
transport and sport, for example, bicycle, equestrian and motorcycle helmets, the 
helmet is designed for a single crash event. In contrast, American football, rugby 
union and ice hockey helmets are intended to provide protection throughout a sea-
son or more of multiple head impact exposures. The general properties of helmets 
and their function have been addressed well by many authors, for example, Newman 
[11] and Hoshizaki and Brien [12].

The next most important functional characteristics of the helmet are the mass, 
mass distribution, fit, restraint system, vision and thermal comfort. Sports helmets 
need to be wearable during extreme physical activities; therefore, helmet mass must 
be minimized. The mass distribution of the helmet and attachments is important in 
reducing the flexion moment that the helmet may apply to the head and neck. A 
flexion moment will be counteracted by neck extensor activation leading to muscle 
fatigue and increased joint reaction forces. It is imperative to ensure that the helmet 
and all components are correctly selected and adjusted for the individual athlete. 
Providing a kit bag with a few helmets to fit all the team is not the best practice. 
Vision and the restraint system characteristics are usually addressed in sports hel-
met standards. Where faceguards (visors) are mounted to helmets to prevent projec-
tile to face or head impacts, the adjustment of the faceguard is important as apertures 
may permit a projectile travelling at speed to strike the face directly. In recent his-
tory, the position of a faceguard or visor on a cricket helmet could be adjusted by the 
player. As a result, there was potential for injury due to misuse. Current cricket 
helmets have a fixed position mounting for the faceguard. Therefore, positive 
changes are possible.

 Performance Requirements and Standards

Helmet performance is assessed in the laboratory by examining the capacity of the 
helmet to minimize headform acceleration in impact tests. These tests are conducted 
against set criteria, for example, a linear acceleration pass criterion, or to derive an 
injury risk estimate. During a test, a selected amount of impact energy is delivered 
to the helmet-headform system via a drop rig, pendulum or mechanical device. The 
headform’s linear and, in some cases, angular acceleration is measured during the 
impact. The input characteristics of the tests, for example, energy, dimensions of 
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impact interface and headform, have developed to reflect knowledge on impact 
exposures in specific sports. The output characteristics, for example, headform 
dynamic responses, have also developed to reflect knowledge on injury mechanisms 
and human tolerance. However, requirements in many helmet standards are not cur-
rently aligned to maximize the potential for standard compliant helmets to prevent 
concussion. This would require the lowering of pass levels, for example, headform 
acceleration, to well below 100 g, and consideration for angular acceleration criteria 
and related test methods. As will be presented in this section, more valid assess-
ments of helmet performance are observed when the laboratory tests reflect the 
impact exposures in the specific sport (impact location, impact severity, interface 
characteristics and frequency) and the biofidelity of the head-neck system are con-
sidered. A range of headforms are used in research and standards testing: Hybrid III 
headforms, rigid ISO headforms and NOCSAE headforms. Each has a distinct 
influence on the test outcomes. In an otherwise equivalent impact, head acceleration 
will be greater with a rigid ISO headform in comparison to a Hybrid III headform.

The author and colleagues have conducted baseline tests on bare headforms. 
These reveal a clear risk of concussion related to linear head acceleration even in 
impacts equivalent to the head falling 0.5 m (3.13 m/s):

• Hybrid II dropped onto a flat rigid anvil at 3.13 m/s has a peak linear acceleration 
(PLA) of 282 g and head injury criterion of 906 [13].

• Projectile impacts (ice hockey puck, baseball and cricket ball) into a Hybrid III 
headform mean PLA were in the range of 233 to 316 g for 19 m/s impacts and 
342 to 426 g for 27 m/s impacts [14].

• Hybrid III headform mean PLA in flat rigid anvil was in the range 241 to 261 g 
(HIC 493 to 741) at 3.13 m/s and 368 to 512 g (HIC 1620 to 2789) at 4.43 m/s [15].

• Hybrid III headform PLA and peak angular accelerations (PAA) were measured 
in 16 linear impactor tests at five sites at a speed of 4 m/s. The impactor mass was 
4 kg with a Polyurethane 70A Duro (Shore hardness 65 to 70) head. The average 
PLA = 140 g (SD = 17 g) and PAA = 8400 rad/s2 (SD = 2100 rad/s2).

In the context of laboratory impact tests, helmets need to reduce both linear and 
angular headform acceleration. As a guide, the 15% likelihood of concussion for 
adult males is 45 g and the 50% likelihood is 75 g for resultant linear acceleration 
at the head’s centre of gravity [16]. For the bare headform impacts described above 
helmets need to reduce the linear acceleration in the range of two to tenfold to pre-
vent concussion. Angular acceleration tolerance thresholds vary; Rowson reported 
that the 75% likelihood of concussion for resultant angular acceleration is 6.9 krad/
s2 [17].

Testing of a commercially available padded headgear model in Australia under 
the conditions described above (4 m/s linear impactor tests with 4 kg mass) showed 
a large reduction in PLA with one model, average PLA = 70 g (SD = 12 g, n = 15) 
and PAA = 4600 rad/s2 (SD = 700 rad/s2), demonstrating a potential to reduce head 
accelerations to a level suggestive of a protective effect in an equivalent sever-
ity impact.
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 How Well Do Helmets Perform?

Rugby Padded headgear in rugby must comply with World Rugby’s performance 
regulations [18]. The helmet properties are restricted to an undeformed thickness 
of 10 mm and a foam density of 45 kg/m3. World Rugby’s impact performance 
requirements state that in a 13.8 J rigid (EN 960) headform impact onto a rigid flat 
anvil the peak headform acceleration shall not be less than 200 g. The mandated 
performance requirements exclude headgear from preventing concussion due to 
the biomechanical criteria and are inconsistent with the philosophy of many hel-
met standards.

Impact tests on helmets meeting World Rugby’s requirements (“standard”) and a 
“modified” version were conducted by the author [19]. The modified headgear was 
16 mm thick and made from 60 kg/m3 polyethylene foam. The standard headgear 
was 10 mm thick and made from 45 kg/m3 polyethylene foam. Tests using a rigid 
headform from a 0.3  m drop height produced peak accelerations in the range 
276–689 g for standard headgear and 69–123 for modified headgear. At 0.4 m peak, 
accelerations for the modified headgear were 110–273 g. The performance of the 
modified headgear in laboratory tests identified a potential in low severity impacts 
for the headgear to reduce the linear acceleration to a tolerable range. In the epide-
miological study, there was a greater than 50% non-significant reduction in missed 
game concussions based on a compliance analysis [8]. With greater compliance, 
this may have been a significant association.

Figure 5.1 shows the results of linear impactor testing of a range of more recent 
(2016/2017) padded headgears marketed for use in Rugby Union, Rugby League 
and Australian football superimposed onto PLA-based injury likelihood curves 
[16]. The linear impactor was similar to that described earlier, but with a different 
impactor head. The results showed the little benefit of then current commercial 
models and large potential benefit of prototype models with respect to bare head-
form tests.

Australian Football Data on head impact exposures in Australian Football have 
emerged over the last few years. We undertook studies of player cohorts using a 
combination of video and x-patch sensors to measure head impact exposures in 
unhelmeted players [20, 21]. One of the aims of this research has been to assist in 
the development of standards. Setting aside the challenges and disappointments 
with the x-patch sensors, we observed:

• In 53 male and female community-level players (mean age = 26 years), there 
were 118 head acceleration events (HAE) with PLA ≥ 30 g, 56% of which were 
verified on video [20]. The mean PLA for a definite direct head impact was 
47.2 g (n = 37, range 30 to 102 g).

• In 210 male and female professional AFL players, there were 336 HAEs with 
PLA ≥ 30 g. The majority were distributed between 30 and 60 g, but there were 
a small number of impacts greater than 100 g [21].
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• These data indicate a role for headgear in reducing the severity of the less fre-
quent direct head impacts that are associated with a concussion risk, for example, 
greater than 75 g on human heads, and managing the more common low severity 
impacts.

The Australian Football League (AFL) is working towards implementing perfor-
mance standards for headgear. In short, the basic standard specifies drop tests at four 
sites, with three repeats, from 300 mm with PLA ≤ 150 g for the first impact and 
PLA ≤ 200 g on repeat impacts. The advanced specifies drop tests at four sites, with 
three repeats, from 300 mm with PLA ≤ 100 g for the first impact and PLA ≤ 140 g 
on repeat impacts and linear impactor tests as described above (4 m/s linear impac-
tor tests with 4 kg mass) with PLA ≤ 75 g and PAA ≤ 7500 rad/s2. Laboratory test-
ing of prototype designs has demonstrated that these are achievable objectives. 
Ideally, once a model becomes available that is accepted by players, its effectiveness 
will be evaluated in a randomized controlled trial. The performance criteria reflect 
what is achievable currently and other factors, for example, the differences between 
the dynamic responses of the human head and a rigid headform, that is used in 
drop tests.

Combat sports A range of headgears intended for use in combat sports were eval-
uated using drop tests and linear impactor tests [22, 23]. The headgear models were 
selected because of their characteristics, that is, head coverage, density and 
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thickness. Drop tests were performed with a rigid “M” headform (5.6  kg drop 
assembly) from 0.2, 0.4, 0.5 and 0.8 m with repeat tests at each site. Linear impactor 
tests were conducted at 4.11, 6.85 and 8.34 m/s with a Top Ten branded headgear 
designated for boxing; a glove/fist interface was used.

Some highlights of the drop tests were as follows:

• At 0.5 m drop height the lowest PLA was measured with the Macho Warrior 
headgear and the greatest was with the Adidas Taekwondo (TKW), 63  g and 
546 g, respectively, for the mean of five repeat tests.

• Headgear “bottomed out” typically between 0.5 and 0.8 m drop heights; Macho 
Warrior would have bottomed out at a drop height greater than 0.8 m and Adidas 
TKW bottomed out between 0.2 and 0.3 m drop heights.

• There was a progressive reduction in impact performance at each drop height, 
even when the impact was well within the capacity of the material to attenu-
ate energy.

The drop tests identified the expected differences based on material density and 
thickness. We wrote [22]:

“The best performing headguards were either the heaviest—the Rival RHG 10 at 0.53 kg 
(average thickness 25 mm, density 140 kg/m3)—or the thickest—the Macho Warrior at 
37 mm (mass 0.3 kg, density 130 kg/m3). The worst performing headguard was the Adidas 
Taekwondo model, which was the lightest and thinnest headguard. The two Macho brand 
headguard models had similar foam densities (125 kg/m3), but the Warrior’s average thick-
ness was 37 mm compared with the Dyna’s average thickness of 25 mm. The additional 
thickness explained the Warrior’s superior performance. Comparatively, the Macho Warrior 
was between seven and eight times more effective in reducing headform acceleration com-
pared with the Adidas Taekwondo model in rigid impacts, but with only a difference in 
mass of 0.09kg. The opportunities available to designers are to (1) maintain the thickness of 
the headguard and increase its density, (2) increase the thickness and maintain density or (3) 
do both”.

The liner impactor results indicated that in simulated punches with speeds 
between 5 and 9  m/s, AIBA-approved boxing headgear, in combination with a 
glove, offers a large level of protection to the boxer’s head. For example, in 
6.85 m/s tests:

• PLA was greatly reduced from 86 and 89 g to 46 and 60 with headgear, respec-
tively, means for lateral and centre front impacts.

• PAA was greatly reduced from 5200 and 5600 rad/s2 to 2800 and 2900 rad/s2 
with headgear, respectively, means for lateral and centre front impacts.

• Under these punch loads, PLA was greater than a nominal concussion threshold 
of 75 g without headgear and reduced to less than the threshold with headgear; 
and, PAA was close to a nominal concussion threshold of 6000 rad/s2 without 
headgear and halved with headgear.

A. S. Mcintosh



89

In total, the testing of headgear for combat sports showed that the better perform-
ing models would offer protection during training and competition. Often, a false 
dichotomy is discussed regarding headgear, that is, the use of headgear results in 
poor defensive technique. There is no barrier to training with and without headgear 
to focus on technique and developing athletes with good technique and who also 
wear headgear. In motorsports, the pilots and riders adopt the best techniques and 
equipment.

Projectile sports (Cricket/Baseball) Helmets in cricket and baseball are intended 
to prevent head injury and provide a structure for mounting a faceguard or visor. 
The faceguard prevents facial and ocular injury, as well as other head injuries. 
Despite the similar hazards in the two sports, cricket helmets tend to have a thin 
relatively stiff liner in contrast to thick and compliant baseball liner. The success of 
helmets in managing the head impact acceleration in projectile impacts was assessed 
in a selection of helmets [14]. Standards for cricket helmets have developed in the 
intervening period and include a projectile test for the faceguard and neck protec-
tors. Our work indicated little correlation between the magnitude of headform 
accelerations in equivalent impact energy tests conducted using drop tests onto a 
rigid anvil (as per the current standard) and projectile tests for cricket helmets. In 
contrast, there was a better correlation between projectile test results and drop tests 
onto a modular elastomeric programmer anvil for baseball and ice hockey helmets. 
This demonstrates that impact tests can be developed that do not necessarily resem-
ble sports-specific impact characteristics but are indicative of helmet performance 
in sports-specific impacts. At that time, baseball helmets demonstrated a greater 
capacity to reduce headform acceleration than cricket helmets, although the results 
did not indicate that a baseball or cricket helmet would prevent concussion if the 
projectile struck the head in an impact directed radially (or centric) to the head’s 
centre of gravity (Table 5.2). However, it is more common in match situations to 
observe a glancing ball-to-helmet impact.

Cycling Bicycle riding is a major sporting, recreational activity and means of trans-
port. The hazards and injury risks in bicycle riding are broad and large. A cyclist may 
fall off while cycling and hit the road surface or in a more severe crash may collide 
with a moving car. As per American football, the initial rationale for bicycle helmets 

Table 5.2 Cricket and baseball helmet projectile impact results

Bare Hybrid III 
headform

HIII headform with 
helmet

Per cent reduction relative to bare 
headform (%)

Ball speed 
(m/s)

Cricket
PLA (g)

Baseball
PLA (g)

Cricket
PLA (g)

Baseball
PLA (g) Cricket Baseball

19 278 316 67 72 76 77
27 347 426 160 139 54 67

Average of the maximum headform acceleration (PLA) is presented for all impact sites combined 
for bare headform and helmeted impacts with the appropriate ball
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was to prevent a more severe spectrum of injury, including skull fracture, intracranial 
haemorrhage and penetrating wounds, rather than sports concussion. Recent com-
parative crash simulation tests have demonstrated that the laboratory performance of 
bicycle helmets is a reasonable predictor of the real-world performance [15]. In com-
parison to helmeted impacts across all impact configurations, mean maximum head-
form acceleration was 2.8–6.7 times greater without a helmet and angular accelerations 
were between 2.0 and 7.3 times greater without a helmet, depending on the exact 
impact characteristics (Fig. 5.2). An analysis of the oblique test results using biome-
chanical injury likelihood relationships again paralleled well the results of epidemio-
logical studies. The analyses showed a significant effect of helmets on reducing the 
likelihood of severe head injury, but a potential for concussion to occur across a range 
of impacts. In contrast, the bare headform tests predicted a high risk of severe skull 
and brain injuries even in the more benign crash scenarios.

Heading in football/soccer: why current helmets are not needed Helmets are 
available and marketed for soccer. There are no convincing epidemiological or labo-
ratory studies that demonstrate their effectiveness or efficacy. Although there is a 
risk of concussion in soccer, it is relatively low, compared to American football and/
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or rugby. We measured PLA in a range of soccer skills from a shoulder collision to 
a finishing header [24]. For a range of heading drill events, we observed a mean 
PLA = 15.6 g (SD = 11.8 g) and in a limited number of training situations mean 
PLA = 20.7 g (SD = 10.6 g). These impacts are substantially lower in severity than 
in Australian Football. Despite concerns that heading itself may cause brain injury 
through a cumulative dose effect, the evidence suggests that during the aerial con-
test for the ball, head impacts causing immediate injury occur because of head-to- 
head impacts or arm-to-head impacts [25]. These intentional or accidental impacts 
can be controlled through the laws of the game. Arguably, helmets would reduce the 
ability of a player to head a ball and may lead to players compensating for the loss 
of ball rebound by changing their head-neck dynamics. This in turn might result in 
higher speed head-to-head impacts, although this is speculative. Unlike contact 
football where accidental head contact does occur frequently, soccer has other 
opportunities to prevent concussion through its laws, law enforcement, training and 
supervision. Considering a cumulative head acceleration dose, it is noteworthy that 
a dose component representing headers would be overwhelmed by PLA induced 
through non-contact general skills, for example, kicking a ball and re-directional 
running. The frequency of the non-contact general skills would be an order of mag-
nitude greater than heading and the PLA magnitude associated with heading is not 
substantially greater than non-contact general skills. This could result in a very 
active player who experiences very few direct head contacts being considered “at 
risk” of developing a brain condition as a result of “sub-concussive impacts”, when 
in fact there is no risk and the player’s health, fitness and personal satisfaction are 
potentially compromised by their match and training exposure being reduced as a 
result of a falsely assessed risk.

 Future Development

There is a need for general and sports-specific research and development to improve 
the protection offered by current helmets. Our understanding of the mechanisms of 
concussion generally and in specific sports, as well as human tolerance levels, con-
tinues to improve. Knowledge in these areas is consistent with established injury 
criteria for more severe head injuries. When this knowledge is applied to helmet test 
methods, standards and helmet design improvements in the ability of helmets to 
prevent concussion can be expected.

Correlations between biomechanical test data for helmets and epidemiological 
studies are generally high. The trends in improved impact energy attenuation are 
paralleled between the lab and field studies and absolute measures of head accelera-
tion can predict on field helmet performance, albeit imperfectly. The strengths of the 
correlations are affected by intrinsic and extrinsic factors and the nature of the incit-
ing event that influence injury likelihood and injury severity on field. These are not 
necessarily considered fully in laboratory test methods.

Current tolerance data treat concussion as one single pathology although the 
clinical symptoms and variation in cognitive and other impairments suggest 
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differences within the umbrella term of concussion. Age-specific tolerance data are 
not available, for example, on children. It is also becoming clearer that impact direc-
tion and location influence concussion tolerance. In this context, the use of resultant 
head linear or angular acceleration criteria may not be optimal. Therefore, test 
methods will need to develop further.

The role of angular acceleration in concussion is gradually being resolved. It is 
rare for high angular acceleration to occur without high linear acceleration or impact 
force. Therefore, these characteristics are typically coupled. Despite the focus of 
helmet testing on linear acceleration management, helmets do reduce angular accel-
eration. Further improvements in this area are possible but require suitable test 
methods and standards, without compromising linear acceleration performance.

If a causal relationship between cumulative head impact exposure and brain 
injury is conclusively proven, that is, so-called sub-concussive impacts, then hel-
mets in those sports that permit intentional head impact or have a high incidence of 
accidental head impact will need to offer even greater protection in comparison to 
protection against a single overload event. At present the objective should be to 
prevent concussion, because it is a known risk and there are known consequences of 
repeat concussions.

It is imperative that biomechanical laboratory studies and well-designed epide-
miological and neuroimaging studies are conducted together. In comparison to epi-
demiological studies, laboratory studies are inexpensive and variations can be made 
and assessed rapidly. Confidence in laboratory studies that can be gained through 
validation through epidemiological studies assists in a cycle of improvement. Video 
analysis of games coupled with on-field monitoring of head impact biomechanics, 
behavioural surveys and usability studies further enhance knowledge gained from 
epidemiological studies, as these assist in the interpretation of the main epidemio-
logical results.

As a final note, there has been an enormous expansion of biomechanical knowl-
edge in the field of concussion and helmets in sport over the last 20 years. As 
research findings are translated into helmet design and as new helmet technologies 
develop, improvements in the ability of helmets to prevent concussion can be 
expected. This requires the support of the major sports, equipment manufacturers, 
research groups, public funding bodies, standards organizations and athletes.
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Acute and Lingering Impairments 
in Post-Concussion Postural Control
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 Postural Control as a Concussion Biomarker

As discussed throughout this chapter, sports-related concussion has reached epi-
demic levels with estimates of up to 3.8 million concussions occurring annually in 
the United States [1]. However, some estimate that this may only reflect the tip of 
the iceberg as over half to three-quarters of all concussions may go unreported [2–
4]. In order to appropriately manage sports-related concussions, accurate, sensitive, 
and specific diagnostic tools are required. Ideally, athletes would be forthcoming 
about symptoms following a potential injury, but many athletes are clearly unaware 
of common concussion symptoms or intentionally do not report suspected concus-
sion [2–6]. While standard imaging technology (e.g., MRI and CT) is effective in 
identifying structural pathology, unfortunately these same procedures are not sensi-
tive to the predominately physiological pathology of concussion [7, 8]. Recent 
imaging advances, including functional MRI, diffusion tensor imaging, MR spec-
troscopy, and others, hold promise for future utilization; however, they remain as 
research tools and are not recommended for routine clinical care [7–11]. Similarly, 
there have been multiple attempts at identifying a blood biomarker (e.g., S100B and 
UCH-L1) of concussion which, although promising, is likely not ready to move 
beyond research utilization [12–16]. While recent findings from the CARE consor-
tium suggest that the 4-plex (GFAP, UCHL1, total tau, and NFL) can differentiate 
concussed versus controls, they conclude that the biomarkers do not correspond to 
clinical measurements or recovery [16]. Neuropsychological testing, while a valu-
able contribution to concussion management, has limitations including low to mod-
erate test-retest reliability, low sensitivity, a small practice/learning effect, potential 
“sandbagging” of the test, and test administration differences [17–26]. Thus, a 
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robust, sensitive, and clinically feasible assessment of concussion recovery is 
needed to elucidate concussion recovery and prevent premature return to 
participation.

A systematic review with the current 5th Concussion in Sport (5th CIS) 
International Consensus Meeting concluded that physiological deficits persist 
despite apparent clinical recovery following a concussion [27]. Previously, the 
greatest risks were considered to be the rare, but potentially fatal, second impact 
syndrome as well as an elevated risk, as high as 3–6x, of recurrent concussion [28, 
29]. This repeat concussion is likely to be more severe and have a prolonged recov-
ery time [30, 31]. Recently, an elevated risk of post-concussion musculoskeletal 
injury has been identified [32–46] and preliminary evidence suggests that persistent 
impairments in postural control may be a contributing risk factor [43, 44]. Over the 
last decade, considerable attention has been paid to the potential association between 
concussions and later-life neuropathologies including mild cognitive impairment 
[47], clinically diagnosed depression [48], potentially earlier onset of Alzheimer’s 
disease [47], chronic traumatic encephalopathy [49, 50], and amyotrophic lateral 
sclerosis [51]. Thus, it is clearly imperative for health-care providers to accurately 
identify concussions acutely as well as properly manage the condition post-injury. 
Therefore, this chapter explores the utilization of postural control as a biomarker of 
both concussion diagnosis and recovery.

 Postural Control and Concussion

The phrases postural control, postural stability or instability, balance, and equilib-
rium are unfortunately frequently used interchangeably in both the lay vernacular 
and, occasionally, the professional literature [52, 53]. Postural control involves con-
trolling the body’s position in space for the dual purposes of stability and orienta-
tion, whereas postural stability is the ability to control the center of mass (COM) in 
relationship to the base of support [54]. The COM refers to the weighted average, in 
3D space, of each of the body’s segments and is generally considered to be the key 
variable in the postural control system [53–55]. The control of the COM during 
either static or dynamic tasks is generally categorized into three neurological com-
ponents: (1) motor processes, (2) sensory processes, and (3) supraspinal or cogni-
tive processes [54]. The motor processes include the organization of muscles 
throughout the body into neuromuscular synergies [54]. The sensory processes are 
comprised of three systems: (1) visual system, (2) vestibular system, and (3) somato-
sensory system [53]. The visual system is primarily involved in planning locomo-
tion and avoiding obstacles, and the vestibular system, sometimes referred to as the 
body’s gyro, senses linear and angular acceleration [53, 56]. Finally, the somatosen-
sory system has multiple responsibilities including sensing the position and velocity 
of bodily segments, their contact with external objects, and the orientation of the 
body relative to gravity [53, 56]. The role of the cognitive processes in postural 
control is an emerging area of research with focus on “attentional resources” [54]. 
There are two primary theories underlying cognitive control of posture: (1) 
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“Capacity theory,” which is based on the sharing of a limited set of neurological 
resources; and (2) “Bottleneck theory,” which suggests that there is a competition 
between tasks for limited neurological resources and a prioritization occurs [54]. 
This challenge was noted with the “stops walking while talking” phenomenon that 
can occur in older adults [57]. Overall, postural control is the result of complex 
interactions between multiple body systems which have to work cooperatively to 
control the orientation and stability of the body [54].

Nearly all neuromuscular disorders result in some degeneration of the postural 
control systems and concussions are not an exception [53]. Indeed, the adverse 
effects of a concussion on postural control have been well elucidated in the litera-
ture [58, 59]. Briefly, a deficit in the interaction among the visual, vestibular, and 
somatosensory systems is generally considered the underlying post-concussion 
neuropathology [60]. Specifically, post-concussion it is believed that the individual 
is unable to appropriately integrate sensory input, ignore altered environmental con-
ditions, and apply the appropriate motor control strategies to maintain precise pos-
tural control [60, 61]. Recently, an increased focus on vestibular considerations for 
post-concussion balance impairments had evolved and lead to recommendations for 
vestibular therapy in cases of delayed or prolonged recovery [62–65]. Finally, others 
have speculated that either diffuse axonal injury or the post-concussion neurometa-
bolic cascade plays either a primary or secondary role in post-concussion impair-
ments in postural control [66, 67].

 Clinical Post-Concussion Postural Control Assessment Battery

The original assessment of postural control following a concussion incorporated the 
Romberg test which was developed in 1853 and was designed to subjectively assess 
somatosensory impairment in individuals with neurological conditions [68–70]. 
However, the Romberg test was criticized for failing to objectively identify subtle 
post-concussion balance deficits [61]. More recently, force plate measures have 
been developed to assess postural control and are valid and reliable, and numerous 
metrics have been investigated [52, 71–76]. One early utilized research system is 
the sensory organization test (SOT), which is both valid and reliable with impair-
ments in postural control noted 3–5 days post-injury suggesting that the vestibular 
system of the sensory processing system is most commonly impaired [52, 58, 77–
81]. However, both force plate (>$10,000) and sophisticated balance systems (SOT: 
>$75,000) are expensive, likely cost prohibitive for the overwhelming majority of 
sports medicine clinical sites, and may require extensive additional training or the 
addition of a biomechanist to the sports medicine staff. Indeed, even among NCAA 
Division I athletic trainers, less than 1% reported utilizing the SOT test and it was 
not utilized in lower NCAA Divisions [82, 83]. Thus, a cost-effective and practical 
postural control assessment paradigm is required to appropriately assess post- 
concussion impairments.

Current consensus of appropriate concussion management, whether on the side-
line, during acute concussion assessment, or when tracking recovery, calls for a 
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multifaceted assessment battery as no single test is highly sensitive [8, 21, 84–86]. 
The 5th CIS recommends a neurological screening which includes the modified bal-
ance error scoring system (mBESS) and a tandem gait for balance assessment [8]. 
The modified BESS (mBESS) consists of three stances (double, single, and tandem) 
on a single solid surface with the foam surface of the traditional BESS removed. 
Normal baseline/healthy scores range from 2 to 8 total errors with an increase of 
2–3 errors acutely post-concussion (Fig. 6.1; [8, 87–89]). The mBESS has some 
similar limitations as the traditional BESS with low sensitivity and specificity 
acutely post-concussion [89, 90] as well as having demographic and anthropometric 
modifiers [91]. The tandem gait (TG) assessment consists of a heel-to-toe gait for 3 
meters along a 38-mm-wide piece of tape, a 180 turn, and return along the same 
walkway. This is repeated four times and the best trial time is recorded as the indi-
viduals’ score [92, 93]. Early results indicate that TG has a higher sensitivity (0.63) 
than either the BESS (0.45) or the mBESS (0.47) with a low minimal detectable 
change score of 0.38 s (Fig. 6.2; [94]). However, in the high school population, the 
previously applied cut-off of 14 s to complete the task appears inappropriate as over 
75% of healthy athletes were unable to complete the task within this time frame 
[95]. Finally, emerging evidence, as discussed later in the gait section, suggests that 
dual-task TG, performing the TG trial while also completing a cognitive challenge, 
has strong potential as clinically feasible assessment, but requires further investiga-
tion [92, 96–99].

While the mBESS and TG are the current recommendations of the 5th CIS, the 
more commonly used postural control assessments post-concussion remain vital 
parts of the original BESS test [82, 83, 100, 101]. The original BESS consists of 
three stances (double, single, and tandem) on two surfaces (firm and foam) with 
errors being counted for deviations from the test position [78, 102]. The BESS 
appears sensitive to acute concussion with an increase of 6–8 errors post-injury 
being commonly reported [103–105] and is consistent with the SOT, which sug-
gests that postural control recovers within 3–5 days post-concussion [60, 104]. The 
specificity of the BESS remains high (>0.91) through the first week post-injury; 
however, the sensitivity is low immediately post-injury (0.34), and continues to 
decrease to 0.16 over the first 3 days post-injury [89, 103, 106]. Unfortunately, the 
minimal detectable change values for the BESS test range from 7.3 (intra-rater) to 
9.4 (inter-rater) at baseline and are even worse acutely post-concussion (intra-rater: 
8.6; inter-rater: 11.3 errors) [90, 107]. Despite these psychometric limitations, a 
change of more than four errors in the firm components of the BESS was the second 
strongest predictor in a CART analysis of collegiate student athletes [108]. However, 
the BESS is also substantially limited by the practice effect associated with repeat 
administration [109–115], as well as fatigue, dehydration, functional ankle instabil-
ity, neuromuscular training, and the testing environment [116–124]. Finally, the 
confounders of common sports injuries (e.g., ankle or knee sprains) which occur 
after baseline testing but prior to a post-concussion assessment have not currently 
been elucidated. Overall, the current utilization of the BESS test, despite being the 
most commonly used postural control assessment tool, is fundamentally flawed as 
there is scant evidence that critical test determinants are being considered [59].
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a b c

d e f

Fig. 6.1 The balance error scoring system. The six stances (a: double-leg firm; b: single-leg firm; 
c: tandem firm; d: double-leg foam; e: single-leg foam; and f: tandem foam) were performed for 
20 s each. The BESS errors identified included: (1) the hands coming off of the iliac crest, (2) 
opening the eyes, (3) step, stumble, or fall, (4) moving the hip into greater than 30° of abduction, 
(5) lifting the forefoot or heel, and (6) remaining out of the test position longer than 5 s (Rahn 
et al. [226])
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 Instrumented Postural Control During Motor Tasks 
Post-Concussion

Early evidence of gait impairments following concussion was reported by McCrory 
and colleagues using video analysis of concussions sustained in the mid-1990s by 
competitors in Australian Rules Football [125]. Gait impairments, operationally 
defined as ataxic, stumbling, or unsteady gait, were noted post-injury in 41% of 
concussed athletes with the majority manifesting symptoms immediately post- 
injury; however, a small percentage (14%) had a minimal delay of 10–20 s prior to 
the onset of gait unsteadiness [125]. While not specifically studied, it was specu-
lated that gait unsteadiness involved a brainstem pathology and was multifactorial 
including postural tone, and cerebellar and labyrinthine function [125]. This study, 
while limited to gross video observations without true biomechanical assessment, 
provided foundational evidence of post-concussion gait impairments. Compared to 
other commonly investigated neurological pathologies (e.g., Parkinson’s disease, 
elderly falls, stroke, and amputee), investigations of gait to identify impairments in 
postural control post-concussion have only emerged in the last 15 years [126]. The 
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majority of gait studies were performed at only a few laboratories, generally lacked 
within-subject pre-injury data, and have involved a variety of gait tasks including 
single-task gait, dual-task gait with working memory challenges, and obstacle 
avoidance tasks [44, 96, 126–158].

 Single-Task Gait

Gait velocity has been termed the “Sixth Vital Sign” and in older adults decreases in 
velocity can be used to predict future health-related status, functional decline, fall 
risk, and decreased quality of life [159]. Furthermore, gait velocity is reliable, valid, 
sensitive, specific, and, as a critical activity of daily living, not associated with 
learning or practice effects from repeat test administration [159, 160].

Utilizing traditional clinical measures of balance (e.g., BESS), large cohort 
investigators have suggested that postural control returns to its baseline value within 
3–5 days post-injury [103, 104]. The post-concussion gait studies which have been 
published are generally limited by lack of subjects’ with baseline/pre-injury data; 
however, they are generally tightly matched to otherwise healthy control subjects. 
Within this context, gait velocity generally appears to return to a normal value by 
Day 5 or 6 post-injury despite individuals still experiencing concussion-related 
symptoms [96, 128–134, 143, 147, 153, 161], but some studies have also demon-
strated deficits 1–2  months post-injury [130, 151, 162]. These and other similar 
findings need to be taken into context as either a practice effect or a Hawthorne 
effect [130, 151]. Similar findings were noted in the stepping characteristics (stride 
time, width, and length) and sagittal plane COM measurements (anterior displace-
ment and velocity of the COM and the anterior COP-COM separation) [126, 129, 
131]. Frontal plane kinematics may be a more revealing aspect post-concussion as 
there is a limited base of support during the single support phase of gait, thus requir-
ing greater postural control [163]. During single-task gait, post-concussion partici-
pants demonstrated increases in the medial-to-lateral COM range of motion and 
velocity [128, 131, 134, 136]. These impairments appear to persist for up to 28 days 
post-injury despite apparent recovery on the traditional clinical assessment battery 
[131, 136]. Interestingly, in many of these studies, there was an apparent recovery 
on many dependent variables by Day 5 post-injury, but significant differences re- 
emerged 2–4 weeks later. These findings suggest either potential differences on Day 
5 are not statistically significant due to small groups and the possibility of the study 
being underpowered, or some residual consequence of delayed impairment follow-
ing a concussion. Overall, these gait studies suggest that a conservative gait strategy 
has been adopted post-concussion, although the rationale for these strategies 
remains unknown. Single-task gait has potential for clinical translation as simple 
timing devices can be utilized to track performance over known distances, similar to 
clinical evaluations used in older adults or those with neurological impairments. 
The use of cell phones or portable accelerometers to monitor gait in home living 
environments could considerably improve concussion management by identifying 
ongoing and lingering deficits.
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 Dual-Task Gait

These previous findings suggest that, acutely post-concussion, impairments in pos-
tural control are identified with single (motor)-task challenges; however, evidence 
over the last two decades suggests that reallocation of attentional resources and/or 
neural plasticity may allow the individual to overcome simple single-task chal-
lenges [75, 164, 165]. Typical dual-task (DT) challenges examine the effect of exe-
cuting a secondary cognitive task (e.g., mental processing) on the concurrent 
performance of a primary motor task (e.g., walking), although other approaches 
(e.g., motor and motor: holding a full glass of water while walking) exist [165]. 
Even routine motor activities, such as sitting, standing quietly, or walking, require 
cognitive processing [166]. Previous investigations noted impaired postural control 
during both quiet stance and gait in healthy young adults under dual-task conditions 
[167, 168]. Simultaneous performance of a motor task and a cognitive task may 
interfere with the performance of one or both, probably due to competing demands 
for inherently limited attentional resources [169–171].

Adopting from methodologies utilized in studies of elderly or neurologically 
diseased state patients, the addition of a cognitive challenge to the motor task of gait 
has been explored post-concussion [126]. Both impairments in postural control and 
cognitive processing are known acute consequences of concussion and thus, not 
surprisingly, both are abnormal when tested within 24  h of the injury. Post- 
concussion gait studies utilizing a dual-task paradigm have largely focused on uti-
lizing working memory challenges (e.g., reciting the months of the year backwards) 
from the mini-mental style examination to assess cognitive performance while per-
forming either level overground gait or obstacle avoidance [92, 96, 126, 145, 149, 
152, 153, 155, 172–182]. A recent systematic review and meta-analysis, using indi-
vidualized participant data from 25 studies and on nearly 1000 concussed or control 
participants, demonstrated clear evidence of impaired DT gait up to 2 months post- 
concussion [126]. While a comprehensive set of outcome measures for clinical 
application was not able to be identified from the review, it is clear that both spatio-
temporal characteristics (gait velocity) and kinematic variables (e.g., mediolateral 
COM velocity, anteroposterior COM displacement, and anteroposterior COM 
velocity) were persistently impaired well beyond clinical recovery. However, a con-
siderable limitation in these studies was the cross-sectional design due to a lack of 
baseline/pre-injury data [126]. Previously, a pooled mean decrease of 0.13 m/s in 
DT gait velocity between acute concussion and control participants had been noted; 
however, a clinically meaningful difference value has not yet been determined 
[173]. Furthermore, DT gait has identified differences despite apparent recovery 
during clinical tests, including computerized neuropsychological assessments, sug-
gesting these motor cognitive challenges may be more sensitive to recovery than 
even sophisticated neurocognitive assessments [155].

These results confirm that impairments persist beyond the generally accepted 
2-week recovery. The clinical meaningfulness of these results remains to be deter-
mined; however, these deficits may be associated with the elevated risk of musculo-
skeletal (MSK) injury in the year following concussion. Specific supporting 
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evidence was provided by Howell and colleagues who identified worsening DT cost 
(increased motor deficits during DT performance) in adolescent athletes who expe-
rienced subsequent MSK [43]. Further, Oldham recently identified slower DT gait 
speed (0.09 m/s) at return to participation, relative to baseline, in concussed athletes 
who experienced subsequent MSK [44]. Thus, it is clear that DT gait differences are 
prevalent following concussion, persist beyond clinical recovery, and emerging evi-
dence suggests they are associated with subsequent MSK. Therefore, clinically fea-
sible methods to assess gait performance could substantially improve clinical 
concussion management. Similar to single-task gait, the development of automated 
or smart phone-enabled assessments could dramatically improve concussion 
management.

 Gait Initiation

The control of posture and locomotion are interdependent at several levels of the 
central nervous system [183]. Therefore, impaired posture and gait components 
may contribute to deficits in locomotion due to adaptive changes in neural control 
[183]. Many post-concussion balance assessments (e.g., BESS and SOT) are novel 
challenges and, as described, are subject to a substantial practice effect with repeat 
administration [109–112, 184]. Thus, “non-novel” tasks, tasks which are performed 
as regular activities of daily living and, therefore, not subject to a practice or learn-
ing effect, may elucidate deficits not otherwise noted. One task commonly utilized 
to investigate the interactions between posture and locomotion components is gait 
initiation (GI). Indeed, GI, the phase between motionless standing and steady-state 
locomotion requiring the generation of propulsive forces, has been shown to be a 
sensitive indicator of balance dysfunction [185]. GI challenges the postural control 
systems as it is a volitional transition from a large stable base of support to a smaller 
continuously unstable posture during gait [186]. From a motor control perspective, 
GI requires the central nervous system to regulate the spatial and temporal relation-
ship between the position and motion of the COM [187]. Therefore, GI has been 
used to quantify impairments in postural instability among elderly, Parkinson’s dis-
ease, stroke, and amputee patient groups and is generally considered more challeng-
ing than level overground gait [185–192].

During quiet stance, the center of pressure (COP) and center of mass (COM) 
are tightly coupled and located just anterior to the malleolus [193]. To initiate gait, 
they must decouple to generate forward momentum while maintaining upright 
balance [193, 194]. Initially, the COP moves posteriorly and laterally toward the 
initial swing limb (Fig. 6.3). This anticipatory postural adjustment (APA), likely 
controlled by the supplementary motor area and/or premotor area, involves bilat-
eral tibialis anterior activation and soleus inhibition [195–197]. The initial poste-
rior COP movement generates the forward momentum needed to separate the 
COP and COM while the lateral COP displacement, controlled by the gluteus 
medias, propels the COM toward the initial stance limb [198]. This momentum 
generation is necessary to achieve successful forward locomotion while 
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maintaining upright balance. Thus, the initial posterior and lateral COP displace-
ments are particularly sensitive indicators of balance dysfunction [191, 192, 
199, 200].

Following a sports-related concussion, impairments in GI have been noted 
[201–205]. A typical healthy adult will displace their COP approximately 5–7 cm 
both posteriorly and laterally during the APA phase of GI. There are significant 
reductions in both the APA displacement and velocity acutely post-concussion, 
with large effect sizes (Cohen’s d > 1.0), as compared to baseline/pre-injury per-
formance. On an individual level, 97.6% (41/42) of post-concussion participants 
had reductions in the COP posterior displacement (Fig.  6.4; [202]). However, 
there were limited and small differences in the initial step characteristics sug-
gesting that the motor planning of GI was impaired more than the task outcome 
[202]. Similarly, in a cross- sectional study, Doherty identified reductions in both 
COP and COM excursions within 10 days post-concussion which also suggests 
impaired motor planning and control [204]. Most recently, Buckley and col-
leagues identified deficits in motor planning during GI across concussion clinical 
milestones, including on the day the athlete returned to participation in sports 
after completing the 5th CIS recommended progressive protocol [205]. This find-
ing suggests that persistent impairment in postural control is still present when 
the athlete returns to competition and may underlie the previously discussed 
increased risk of post-concussion musculoskeletal injury [38, 206]. While the 
longer term deficits have received limited attention, a continuum of performance 
was identified whereby athletes with ≥3 prior concussions demonstrated deficits 
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Fig. 6.3 Center of pressure (COP) displacement. Following movement initiation, the COP trans-
lates posterior and lateral toward the initial swing limb (S1 or APA phase). As the heel of the initial 
swing limb leaves the ground, the COP translates laterally toward the initial stance limb (S2 or 
transitional phase). Finally, as the initial stance limb leaves the ground to complete the initial step, 
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relative to uninjured subjects, but far less than acute post- concussion subjects, 
which suggests the possibility of subtle deficits in motor planning in athletes who 
have experienced multiple concussions [203]. The underlying neurophysiologi-
cal mechanisms and long-term consequences of these deficits remain to be 
elucidated.

 Gait Termination

Gait termination (GT) is not a mirror image of GI [207]. Rather, GT is a pro-
cess by which the central nervous system anticipates, controls, and arrests the 
forward momentum of the COM without exceeding the borders of the base of 
support [208, 209]. Further, GT has a known and invariant set of parameters 
that constrains the multiple degrees of freedom within the lower extremity 
[210–212]. However, GT poses a unique challenge to the postural control sys-
tems because the COM is often located outside the base of support at the onset 
of GT [194]. As a result, GT is an excellent model for investigating alterations 

Fig. 6.4 Changes in COP posterior displacement. There was a significant reduction in the concus-
sion group from baseline to acute post-concussion (5.7 ± 1.6 cm and 2.6 ± 2.1 cm, respectively, 
p < 0.001) but no difference in the control group (4.0 ± 1.6 cm and 4.0 ± 2.5 cm, respectively, 
p  =  0.921). In the concussion group, 97.6% (41/42) participants had decreased COP posterior 
displacement acutely post-concussion (Buckley et al. [202]. This figure has not been previously 
published in this form, but is based on data from Fig. 2 in the archives paper – permission received)
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in motor programming and neurologic dysfunction. The central neurophysio-
logic control of GT is more elusive than GI; however, fMRI studies have sug-
gested that the prefrontal area, specifically the inferior frontal gyrus and the 
pre-supplementary motor area, likely control GT [207]. Mechanically, the ter-
mination of gait requires the coordinated activity of both legs. Indeed, force 
production is modulated bilaterally such that the lead limb (limb behind the 
COM) reduces foot push-off propulsive forces as the swing limb (limb in front 
of the COM) concurrently increases vertical and anteroposterior braking forces 
[210, 211, 213]. Reduced propulsive forces are caused by soleus inhibition and 
increased activation of the tibialis anterior while concurrent increases in brak-
ing forces are due to an increased soleus activity and inhibition of the tibialis 
anterior [214, 215]. Failure to reduce lead limb propulsive forces results in an 
increased reliance on a single limb stopping strategy and subsequently, longer 
termination times and a greater number of steps required to control the COM 
[216]. Therefore, increases in propulsive and braking forces have been identi-
fied as sensitive indicators of balance dysfunction and alterations in the corti-
cal control of GT [211, 216, 217]. Indeed, GT has quantified impairments in 
postural control among the aging, people with Parkinson’s disease, amputee 
groups, chronic ankle instability, and those with general balance disorders 
[211, 212, 214, 216–223].

There has been limited investigation into GT performance following concus-
sion despite the potential for further understanding of neurophysiological 
impairments [224, 225]. When assessed acutely post-concussion, and on an 
individual level when compared to in their own healthy baseline data, there was 
a reduction in the braking and transitional phases of GT [224]. Similar to the GI 
studies, this would suggest impairments in motor planning during the task. 
These GT deficits appear to persist through the acute and sub-acute phases of 
concussion recovery for at least 10  days post-concussion as seen by altered 
force production gait despite apparent clinical recovery [225]. One would expect 
that the penultimate step during GT would produce a reduced propulsive force 
and the terminal step an increased braking force relative to normal gait. 
Conversely, post-concussion, the individual actually increases their propulsive 
force during the penultimate step and reduces their braking force during the 
termination step (Fig. 6.5; [225]). This highly inefficient pattern of performing 
GT is suggestive of a central deficit and the selection of an inappropriate motor 
program to perform the GT task. There presently are no investigations studying 
chronic deficits in GT performance.
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 Conclusion

The 5th CIS suggests that most concussions resolve within a couple of weeks based 
on clinical measures; however, consistent findings of persistent deficits have been 
noted using more sophisticated measures. The SCAT-5 recommendation for pos-
tural control assessment is the BESS; however, this assessment suffers from numer-
ous methodological limitations and may prematurely indicate recovery. Clinically, 
the tandem gait test has better psychometrics and fewer limitations than the 
BESS. Instrumented measures of postural control, including single- and dual-task 
gait, gait initiation, and gait termination, have all demonstrated impairments despite 
apparent clinical recovery. These noted deficits potentially provide insight into the 
supraspinal motor planning and control strategies activated following concussion. 
Furthermore, these deficits have been noted up to 2 months post-concussion and 
suggest that athletes are prematurely returning to athletic participation despite per-
sistent neurological deficits. These deficits may underlie the recently identified ele-
vated risk of post-concussion musculoskeletal injury. Moving forward, developing 
clinically feasible assessments of gait based upon postural control (e.g., single- and 
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dual-task gait) utilizing smart phone technologies may critically improve current 
concussion management strategies and reduce the risk of premature return to 
participation.
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 Motivation

It has been estimated that 1.1–1.9 million sports-related concussions occur in chil-
dren under the age of 18 every year in the USA [1]. Common impact mechanisms 
in contact sports include player to player (76.7% in boy’s lacrosse), surface to player 
(53.2% in boy’s wrestling), and equipment to player contact (41.7% in girl’s 
lacrosse) [2]. Kerr et al. conducted a study of 20 US high school sports from 2013 
to 2018 [3–16] (Table 7.1) that found an average injury rate of diagnosed concus-
sions to be 0.417 per 1000 athletic exposures (AE) across all sports. This injury rate 
was higher for girls (0.335 per 1000 AE) when compared to boys in sex-matched 
sports (0.151 per 1000 AE). The discrepancy between sex-matched sports and the 
overall average is due to American football for which there are no girls’ teams, yet 
this group exhibits the highest concussion injury rate of 1.04 per 1000 
AE. Concussions were more likely to be diagnosed during football competitions 
with an injury rate of 3.907 per 1000 AE.
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 Quantifying Head Injury Severity

It is important not only to properly identify and treat head injuries when they occur, 
but to implement safety measures to mitigate the risk of sustaining these injuries. 
One way to ensure player safety is to mandate criteria, or regulations, for sport sur-
face quality. The authority to enforce these regulations is assumed by sports govern-
ing bodies such as Fédération Internationale de Football Association (FIFA) and 
World Rugby (WR). Typically, these regulations are outlined alongside an assigned 
testing standard (a highly replicable in-lab or in situ protocol for testing). Each 
sports governing body adopts its own range of regulations and testing standards 
leading to ill-founded and conflicting criteria for surface attributes. The variations 
in regulations enforced across regions, sports, and levels of play highlight the lack 
of information available on optimal surface material properties (Table 7.2).

Table 7.1 Summary of web-based surveillance injury for a variety of sports, level of play, injury 
mechanism, body part affected by injury, and diagnosis during both practice and competition 
obtained from Kerr et al.

Sport 
(sex)

Level of 
play

Contact with surface 
(injury mechanism) Head/face (body part)

Concussion 
(diagnosis)

Practice Competition Practice Competition Practice Competition
Football 
(M)

High 
school

0.29 1.63 0.38 2.67 0.35 2.57
12.80% 13.10% 16.70% 21.10% 15.50% 20.30%

Collegiate 0.37 2.86 0.45 3.22 0.4 3.01
8.20% 10.10% 10.20% 11.00% 9.10% 10.40%

Soccer 
(M)

High 
school

0.16 0.62 0.09 0.97 0.07 0.77
15.20% 15.70% 9.10% 29.10% 6.70% 23.60%

Collegiate 0.39 1.38 0.3 2.08 0.17 1.24
8.60% 10.90% 7.90% 13.80% 4.80% 7.90%

Soccer 
(W)

High 
school

0.17 0.76 0.11 1.45 0.09 1.28
19.20% 15.20% 9.30% 26.60% 8.10% 24.00%

Collegiate 0.52 1.95 0.33 2.52 0.23 1.91
13.00% 15.40% 7.90% 21.60% 5.80% 16.40%

Lacrosse 
(M)

High 
school

0.12 0.4 0.2 1.35 0.16 1.22
10.80% 9.50% 16.80% 31.90% 13.80% 28.80%

Collegiate 0.29 1.19 0.3 1.94 0.22 1.7
8.40% 10.10% 8.40% 16.40% 6.30% 14.30%

Lacrosse 
(W)

High 
school

0.13 0.31 0.18 0.92 0.16 0.83
13.30% 13.40% 17.90% 38.80% 15.20% 35.00%

Collegiate 0.15 0.41 0.38 1.69 0.29 1.42
5.60% 6.20% 13.40% 25.30% 10.20% 21.20%

Sports included were football [9], soccer [5, 8] and lacrosse [13, 14], where the latter two are fur-
ther divided by sex (male and female). High school and collegiate levels are included for each 
sport. Due to the interest in head injury, contact with surface, head/face, and concussion were 
selected as the injury mechanism, body part, and diagnosis, respectively. Values summarized 
include the injury rates per 1000 athletic exposures and the percentage of injuries in sample. Each 
percentage represents the number of specific injury type (i.e., concussion) per total injury type (i.e., 
diagnosis) within event type per population. Example: 12.8% of all diagnosed injuries during high 
school football practice were from contact with surface
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Table 7.2 Compilation of regulations established by testing standards for a series of surface attri-
butes by sports governing bodies

Governing body (sport) Surface attribute Testing standarda Regulation
FIFA
Soccer (professional) SA 1 60–70%

VD 2 4–10 mm
ER 3 –

Soccer (community) SA 1 55–70%
VD 2 4–11 mm
ER 3 –

Futsal SA 4 18–75%
SR 5 80–155 mm
VD 6 3–10 mm

World Rugby (WR)
Rugby SA 1 55–70%

ER 3 20–50%
HIC 7 <1000 @ 1.0 m
VD 2 5.5–11 mm

International Hockey Federation (FIH)
Multi-sport SA 8 40–70%

VD 8 4–10 mm
Football + Field Hockey (developmental) SA 8 55–70%

VD 8 4–12 mm
Hockey + Tennis SA 8 >30%

VD 8 2–9 mm
Field Hockey (elite) SA 8 45–60%

VD 8 4–9 mm
ER 8 30–55%

National Rugby League Limited (NRL)
Rugby (stadium) HIC 8 1000 @ 1.3 m

SA 9 50–65%
VD 9 <11 mm
ER 9 20–50%

Rugby (community) HIC 8 1000 @ 1.3 m
SA 9 50–70%
VD 9 <11 mm
ER 9 20–50%

Shock absorption (SA) is a measurement of force reduction of a surface given as a percentage 
compared to force reduction on concrete. Vertical deformation (VD) is an estimate of the displace-
ment of the surface during impact. Energy restitution (ER) is a ratio of output to input kinetic 
energy given as a percentage. Slip resistance (SR) represents the frictional interaction between 
footwear and sports surface displayed as final shear displacement after impact. Head injury crite-
rion (HIC) is a unitless impact severity index.
aTesting standards outlining the regulations and testing methodologies for surface attributes:
1. FIFA Test Method 04a [17]
2. FIFA Test Method 05a [17]
3. FIFA Test Method 13 [17]
4. FIFA Test Method Futsal01 [18]
5. EN 16837:2018
6. FIFA Test Method Futsal02 [18]
7. CEN 1177 [19]
8. CEN/TS 16717 [20]
9. AAA
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Recurrent regulation attributes include shock absorption, vertical deformation, 
and energy restitution. These are outcomes of the sports surface system’s properties, 
but not fundamentally related to injury risk. At the time of origination of these 
sports surface standards, classification of head injury and its severity was poorly 
defined. There is a clear need for regulation indices that are derived from injury risk 
including, but not limited to, head injuries. To develop a proper injury risk index, 
one that describes not just the intensity of the head impact but the injury outcome of 
that impact, biomechanical testing is required.

Quantifying impact severity and injury outcome of head impacts has been of 
interest in the field of biomechanics for over 60 years. Initial experiments were car-
ried out by analyzing fracture patterns on human skulls [21, 22] with the main 
objective of these experiments to analyze a skull’s resistance to fracture after 
impacts, most notably occurring in vehicle collisions. Subsequent studies began 
incorporating sensors to collect acceleration or pressure profiles occurring within 
the skull during experimental impacts [23–25]. Today, on-field measurement of 
head impacts in sports is commonly done by means of accelerometers attached to 
the player (either on the mastoid process, inner surface of the helmet/head band, or 
internally via mouthguard). These data, combined with mRI and other damage 
quantification approaches, have proven to be a powerful tool in defining thresholds 
of impact tolerance [26–28]. There is an apparent need for the current sports surface 
testing standards and regulations to be reinvented with what is currently known 
about head injury mechanisms.

 Wayne State Tolerance Curve

One of the most foundational and promising efforts to define head injury risk was 
done by a research group at Wayne State University in the 1960s [25]. Four white, 
male human cadavers were attached to an upright, pendulum-like apparatus allowed 
to freely rotate until the forehead impacted the floor (Fig. 7.1). The brain material 
was extracted and replaced with a fluid gelatin assumed to mimic pressure transmis-
sion of the brain material. The artificial brain material also allowed for the insertion 
of an accelerometer within the skull cavity to measure impact accelerations within 
the fluid. Each cadaver was used repeatedly as long as it was deemed “undamaged” 
[25] by the researchers. If skull fracture occurred, the average acceleration and 
impulse time of the impact event were plotted (Fig. 7.2). These fractures occurred 
in acceleration events that had an effective average of ~112 g, with individual impact 
peaks observed as high as 200 g. In total, six of these skull fracture data points were 
used to generate the Wayne State Tolerance Curve (WSTC) [24, 25]. The WSTC set 
an initial threshold value of 42 g, stating that a human head can withstand an accel-
eration event of this magnitude for a “relatively long time” (~20 ms) without result-
ing in brain damage [24]. This threshold was later found to be exceeded during 
vehicle collisions without resulting injuries, increasing the proposed threshold for 
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padded designs to 60–80 g [29]. To the author’s knowledge, a data set of six points 
is the only published basis of the final WSTC [30].

The WSTC, though derived from a small number of tests, offered threshold cri-
teria for fatal head injuries under specific parameters for the first time. However, 
application of this injury threshold to sports injury severity proved to be difficult. 
Since no biological brain material was present during the testing, the WSTC does 
not account for symptoms or indicators of mTBI resulting from concussive or sub-
concussive hits. Still, different severity indices were approximated from the original 
tolerance curve to predict lesser thresholds of risk through linear approximations.

Accelerometer

Pressure
gauges

L

HTarget
object

D

Fig. 7.1 Testing apparatus 
used by researchers at 
Wayne State University. A 
human cadaver is fixed to a 
pendulum, allowing the 
forehead to impact a target 
object at a distance D. A is 
the length of the pendulum 
and H is the distance 
between the ground and 
the pendulum. (Schematic 
adapted from Lissner et al. 
[25])
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Fig. 7.2 Experimental 
results obtained from 
testing cadavers at Wayne 
State University. Six data 
points were used to 
establish a relationship 
between the acceleration 
and time observed to 
fracture a skull from both 
free fall and guided 
pendulum apparatus. 
(Adapted from Lissner 
et al. [25])
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 Gadd Severity Index

Between 1962 and 1966, the Gadd Severity Index (GSI) became the next evolution 
of head injury indices and the most widely known severity index derived from the 
WSTC [31, 32]. Charles Gadd had the intention of quantifying the “dynamic 
response” [32] of the head (which indirectly leads to injury) prior to calculating bio-
logical material damage (which directly relates with injury). He proposed an integra-
tion of the impact acceleration profile rather than comparing peak or average 
acceleration in g’s. This was novel for the decade considering that integration was 
still done by hand. “Modern curve readers and machine computation equipment” 
[32] were relatively inaccessible compared to opensource integration software avail-
able today. Still, the calculation for a severity index (I) is relatively straightforward:

 I a dtn= ò  

where a is the acceleration profile (often reported in g’s) integrated over the time 
length and n is a weighting factor. Since the slope of the logarithmic fit to the WSTC 
was approximately 2.5 (Fig. 7.3), this was selected as the weighting factor. A sever-
ity index of 1000 was chosen based on conversations with Prof. Patrick at Wayne 
State [32] when it was stated that select acceleration profiles along the WSTC “inte-
grate to approximately 1000” [32]. The more common form of the GSI (with these 
chosen values for the weighting factor and severity index) is

 1000 2 5= *T A .  

where T is the time length of the impact event and A is the “effective acceleration”. 
The severity index of 1000 acts as the threshold of acceptably injury, or the test’s 
pass-fail criteria. A value greater than 1000 implies life-threatening injury and 
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Fig. 7.3 Linear approximation of the WSTC used to determine a weighting factor of 2.5 used to 
define the Gadd Severity Index. (Adapted from Gadd [31, 32])
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permanent damage. Any value less than 1000 is deemed an allowable amount of 
head injury. In regard to the original WSTC, any value less than 1000 only meant no 
noticeable, linear skull fracture occurred.

Much confusion has centered around the definition of the effective acceleration 
[33] and so it is useful to clarify its origination and interpretation. At the time the 
GSI was created, in-lab testing was restricted to highly controlled environments 
such as car crash simulations. The acceleration profiles of these tests were square or 
triangular waveforms with a single period. The effective acceleration of these pro-
files was intuitively the plateau of the square wave or 1/3rd the height of the trian-
gular wave. For non-controlled acceleration profiles, as seen in on-field 
accelerometers or in-lab Hybrid III testing, the shape of the profile is parabolic (if 
not more complex), and thus the determination of effective acceleration is not easily 
visualized. The area under these acceleration profiles must be equated to that of a 
square wave occurring over the same time interval to determine the effective accel-
eration. Sometimes a true average of the acceleration data points is computed 
instead, though this value will vary slightly around the effective acceleration.

 Head Injury Criterion

Mild adaptation of the GSI equation generated the head injury criterion (HIC) in 
1970, the only accepted and applied injury risk index used within regulations 
applied to sports surfaces and equipment today [33]. The HIC equation is mathe-
matically equivalent to the GSI equation with a more detailed explanation of effec-
tive acceleration:
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where t1 and t2 are time points during the pulse such that HIC is maximized and a is 
the acceleration profile in g’s [33]. In this way, HIC carries units of s ∙ g2.5 which are 
uniquely found within this application and do not appear within any kinematic or 
material-based model. HIC was eagerly accepted in the automotive and sports com-
munities as it claimed to offer a means to scale head injury severity [34]. Since dif-
ferent injury mechanisms exhibit different pulses/waveforms, the interpretation of 
the data is not straightforward. By integrating the linear acceleration waveform and 
dividing by the time window, the impact event is equated to a square wave seen dur-
ing controlled car impact tests. However, if the actual impulse time is not found 
from the event and used within the equation, the HIC equation deviates from 
GSI. Assigning time windows instead of measuring them per unique impact fixes 
the value for (t2 − t1). This is the case for HIC-15 and HIC-36 where the time win-
dow is a fixed value of 15 ms or 36 ms, respectively, in advance of testing. These 
time windows are slightly larger than the 5.5 and 13.7 milliseconds head impact 
time windows observed in sports [35] and therefore, can underestimate true 
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HIC. Consequently, the dependence of severity on impulse time in the HIC equa-
tions is diminished, deviating further from the original design of the 
WSTC.  Furthermore, HIC designates a maximum and minimum allowable time 
window that can be used, of 36 ms and 3 ms, respectively, which contradicts the 
original tests conducted by Lissner et al. where four of the six tests used to create 
the WSTC had time windows of <3 ms [25].

 Testing Standards for Sport Surfaces

Because the equations for HIC are only dependent on a linear acceleration reading 
and a pre-assigned impulse time, various testing standards can be used to calculate 
this index. The National Operating Committee on Standards for Athletic Equipment 
(NOCSAE) has utilized drop tower tests as well as linear impact tests to calculate 
HIC as a predictor of head injury risk. Traditionally, these testing standards are used 
for helmet testing irrespective of surface types. For testing sports surfaces, the 
Advanced Artificial Athlete (AAA) is the common testing apparatus chosen since it 
is portable and can be used to measure HIC values along with shock absorption, 
vertical deformation, and energy restitution (Fig. 7.4). The AAA consists of a fall-
ing mass, spring, impact missile, and piezo-resistive accelerometer. The chosen 
mass of the impactor (20 kg) seems to be irrespective to any anatomical mass.

The testing standard consists of three consecutive impacts of the test foot on a 
1 m × 1 m test specimen, while recording the acceleration [17]. The impact events 
are separated by 30-second intervals. Critical drop heights are calculated by 

1

2

5
6

3

4

Fig. 7.4 Diagram of the Advanced Artificial Athlete where: (1) guide for the falling mass; (2) 
electric magnet used as a release system; (3) a falling mass that should have a total mass of 20 kg; 
(4) a piezo-resistive accelerometer; (5) a spiral steel spring; and (6) a test foot [17]. Used for in situ 
testing, the falling mass is released on specified AT field locations. Data recollection consists of 
three consecutive impacts, where the second and third impacts are averaged and utilized to calcu-
late measures of AT surface performance
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comparing maximum HIC values at different impact heights to the HIC threshold of 
1000. This apparatus is used by FIFA, WR, and the British Standards Institution to 
certify natural and artificial surface systems. The limitations presented on the head 
injury criterion and other indices used to quantify safety will also have a deleterious 
effect on the intrinsic value of these testing metrics.

 Limitations of Current Indices

There are several issues related to the data collected during the determination of the 
WTSC and subsequently, the determination of GSI and HIC. The main problem 
arises from the fact that the tolerance data were taken from a specific brain injury 
mechanism – acceleration events caused by height drops. This type of acceleration 
event may not be representative of other, more complex impacts experienced during 
sports play. More importantly, the WSTC and GSI were adjusted according to an 
ill-defined parameter of effective acceleration. Acceleration profiles from drop test 
in cadavers constrained the definition of the effective acceleration to the area under 
the acceleration waveform adjusted to the impact duration [23]. Patrick et  al. 
claimed that the defined effective acceleration was restricted to a specific injury 
mechanism and that the value of 42 g was not realistic. Thus, a range of 60–80 g was 
proposed as the effective acceleration for “real people” [29]. Not having a clear defi-
nition of the effective acceleration that encompasses all injury mechanisms for the 
WSTC is an issue carried over to the GSI. The GSI formulates a pass/fail threshold 
for a level of acceleration that is inconsistent across different waveforms [33]. 
Versace stated that the form of effective acceleration should be defined prior to test-
ing and not determined from a tolerance curve [33].

It is important to note that though HIC and GSI are claimed to be injury risk 
indices, they do not depend on any biological parameters. Furthermore, the deter-
mined thresholds are for risk of sustaining linear skull fractures, not closed-head, 
concussive injuries that are more commonly observed in sports. In this way, these 
metrics act more as impact severity indices with thresholds derived from simulated 
fatal head injuries. Alternatively, concussive impact thresholds have been theorized 
in the form of peak linear and angular accelerations of the center of mass of the head 
[36–40]. Furthermore, it has been found that structural [41] and functional [26, 28] 
changes in brain tissue are correlated with the accumulation of lower threshold 
impacts that do not result in a diagnosed concussion. However, these thresholds are 
not currently regarded in any testing standards or enforced regulation.

 Modeling a Head Impact

An underlying issue with each of the available indices, including HIC, is that they 
are difficult to relate to an actual head impact event. For example, the most common 
HIC threshold of 1000 cannot be directly translated into the severity of a tackle dur-
ing a football game. Instead, it is advantageous to approach these athletic impact 

7 The Role of the Playing Surface in Mitigating the Deleterious Effects of Head…



128

events with dynamic models (Fig. 7.5a) as a way of relating input parameters (i.e., 
player mass, stance, forces) to output kinematics correlated with head injury (i.e., 
linear and rotational accelerations).

 Single Particle Model

The single particle model is the most basic dynamic approach to modeling a head 
impact and has been used for decades. The entire head of the player is represented 
by a single point in space at its center of mass (COM; Fig. 7.5b). Position, velocity, 
and linear acceleration in each coordinate direction can be tracked for this point as 
it “experiences” an impact event. NOCSAE utilized this single particle model in 
their drop tower test (ND 001-M17B) [42] much like the on-field AAA testing 
device. However, in these cases, the model is simplified further by constricting the 

a b

c d

Fig. 7.5 Illustrations of 
biomechanics models 
based on an athlete before 
a fall. (a) Visual 
representation that will be 
used as a base throughout 
the different dynamic 
modeling approaches. (b) 
Single particle model, 
where the head of a player 
is represented by a single 
point in space with a mass 
m. (c) One-link model, 
where the link is a rigid 
body found between points 
O and H. (d) Two-link 
model, where link 1 is the 
rigid body connecting 
points O and J, while link 
2 consists of the rigid body 
between points J and H
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head forms to only move through a guided, one-dimensional fall. The pneumatic 
ram tests (ND 002-17M19A) [43] are another approach to validate helmets where 
the head form has additional degrees of freedom through a neck form constraint. 
Linear acceleration of the head form’s COM is measured directly by means of 
accelerometers fixed within the testing apparatus. Measured acceleration wave-
forms for various heights in these tests are used to calculate HIC values. Still, there 
is little understanding as to what a HIC value of 50 means compared to 500. This 
kind of relativity is what is necessary to guide rational design strategy for protective 
equipment and sports surfaces.

Creating a single particle model, without sensor data to reference, is most easily 
accomplished with a work-energy approach. The basic model to determine the 
impacting speed (vf) for a particle of any conceivable mass dropped from rest at 
player height (h) is

 
v ghf = 2  (7.1)

where g is the acceleration due to gravity (and in this case the maximum achievable 
acceleration). A single particle model, though simple in application, has many limi-
tations in practice. Considering an in-game setting, it is hard to imagine a situation 
where gravity force alone will cause an athlete’s head to fall directly downward into 
the surface. Even a tripping scenario, where no contact is made from another player, 
would require a more complex model to capture additional information such as 
player height and angular acceleration. Ultimately, the single particle model con-
tains no useful biomechanical information that could be used to improve testing 
standards.

 One-Link Model

Modeling an athlete as a rigid body as opposed to a single particle allows for basic 
anthropometric and kinetic information to be considered. Lissner et al. followed this 
approach in the design of their original cadaver experiments ultimately used to con-
trast the WSTC [25]. Considering the player’s body and head as a single, rigid link 
will shift the COM away from the head and towards the torso (Fig. 7.5c). This rigid 
body assumption enforces the constraint that the head remain connected to the body 
(unlike the single particle model), and therefore its motion results from the kinemat-
ics of the body. Forces can be applied anywhere along the rigid body to set it into 
motion, however, for now we can represent this as an initial, applied velocity ( va

uvu
). 

The player’s mass (m) can be regarded as a force acting downward through the 
COM. We can assume the link is fixed to the ground at the feet (point O) and that 
the player’s body falls forward until it hits the surface. A consequence of this “fixed 
pin” assumption for point O is the nonrealistic reaction force ( Fo

uvu
)  required to 

enforce the constraint. Tracking the position of the feet relative to the ground would 
create a better approximation; however, this data is not readily available.
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This model requires Euler’s Laws to balance a system of equations that solves for 
translational acceleration (

a ) and velocity 
v( )  as well as the angular acceleration 

(
a )  and velocity (

w)  of any point on the rigid body. The governing equations for 
the one-link model are as follows:

 å = ´ = + ´
v v u vuu v v vM r mg I mr aO0 0COM COMa  (7.2)

 
      a a r rH O H H= + ´ + ´ ´( )a w w  (7.3)

 
   v v rV o V= + ´w  (7.4)

where 
rCOM  and 

rH  are position vectors from the fixed point O to the COM of the 
rigid body and head, respectively. The athlete’s mass (m) and mass moment of iner-
tia ( I0) are taken to be known constants for the system. It is important to note that 
the acceleration and velocity of fixed point O (

aO  and 
vo ) are always zero in this 

model. Equation (7.2) can be solved for 
a  resulting in
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where θ is the angle between the surface of impact and the forward falling link at 
any given time. Integration by parts of Eq. (7.5) allows us to solve for the angular 
velocity (ω) of the rigid body at any point during the fall before it impacts the ground,
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Substituting from Eq. (7.4), wi
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(7.7)

where θ will always be ≤90° if the link lands on a horizontal impact surface and θi 
is representative of the starting stance of the athlete (i.e., 0° if completely vertical). 
Substituting Eqs. (7.4 and 7.6) into Eq. (7.2) to solve for the linear acceleration of 
the COM of the head (

aH )  provides

 
 � �a r e r eH H r H= - +w a q

2 .  (7.8)

For the COM of the head, this is useful information because it can be compared 
to acceleration thresholds observed in studies found to presage concussions [36–
40]. However, it is likely that the deceleration event occurring once the player 
impacts the sport surface is much greater. This type of analysis requires material 
properties of the surface and will be shown in section “Hertz Contact Theory.”  
A slight increase in model complexity from the single particle model to the one-link 
model has offered better impact visualization and control of input parameters. 
Nonetheless, a player has many additional joints that are unaccounted for in a single 
link system.
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 Two-Link Model

Adding a second link to the previous one-link model will allow us to simulate an 
impact event with additional degrees of freedom for the body. This joint can be 
placed anywhere along the body by adjusting the segment lengths of link one and 
link two. For example, it could be of benefit to move this joint toward the neck as to 
let the head whip in response to a hit. Or, this joint could be placed toward the knees 
to adjust the initial stance of the player to something more representative of game 
play (Fig. 7.5d).

Euler’s approach can be used again to develop the system of equations for a sys-
tem to capture the movement of each link throughout the falling motion. An equa-
tion of motion must be developed for each individual link, similar to Eqs. (7.2, 7.3, 
and 7.4) in the one-link model. The useful equations from summation of forces and 
moments are

 å = ´ + ´ =
v v u vuuu v u vu uvu
M r m g r F IO O J O J O1 1 1 1 1/ / / / a  (7.9)

 å = - =
v v u vuuu vF F m g m aJ2 2 2 2  (7.10)

 å = ´ = + ´
v v u vuuu u vu v vM r m g I m r aJ J J J J2 2 2 2 2 2 2/ / / /a  (7.11)

where 

FJ  is the joint force between link 1 and link 2. The notation for positions 

(
ri k/ )  and mass moments of inertia (


Ii k/ )  reads “the (parameter) of link i relative to 

position k.” Equation (7.10) can be substituted into Eq. (7.9) to remove the unknown 
variable of joint force such that
 

I m gL m L a m g a LO J x y J1 1 1 1 1 2 1 2 2 2 1/

..
sin cos sinq q q q+ ( ) - ( ) + +( ) ( )COM == 0.  (7.12)

Since Eq. (7.9) results in only one equation in the k  direction, the angular accel-
eration of each link is written in Eq. (7.12) as qi

¨
. Similarly, the translational accel-

eration vectors can be broken into coordinate directions as aix for the x-direction and 
aiy for the y-direction. Additional kinematic relationships are required for Eqs. (7.11 
and 7.12) to be considered solvable equations of motion. The determination of the 
acceleration of each joint follows the form of Eq. (7.3) for the one-link model. 
These final kinematic relationships are as follows:
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The lengths (and length to COM), masses, and mass moments of inertia for each 
link can be estimated with the help of anthropometric tables and NASA reports [44]. 
Using the kinematic Eqs. (7.13 and 7.14) within Eqs. (7.11 and 7.12) results in a 
system of second-order, homogenous differential equations written in matrix form as
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where the coefficient matrices are defined as
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If the applied “tackling” force was introduced via an explicit, time-dependent 
forcing function F(t) instead of an initial applied velocity, the system would be con-
sidered rheonomic and have a non-zero vector on the left-hand side of the equation. 
This type of system is left for future work since an acceptable forcing function 
representing a tackling force is currently undetermined.

It is important to note that the current two-link model does not account for any 
additional constraints due to muscle or skeletal forces. For example, the human 
spine will not allow hyperextension past a certain degree without damaging the 
skeletal structure. Whereas in the current, less constrained model, it is possible to 
apply initial conditions that lead to complete collapse of both links before they 
impact the surface. For future work, restricting the range of allowable values for 
neck extension and flexion to 70° and 80°, respectively, improves the possibility for 
realistic results [45]. Close attention should be given to the results of such a model 
before inferring any information about real-life falls and tackles.

 Hertz Contact Theory

The models discussed thus far still do not include any material properties relating to 
the player or the surface and therefore cannot model any deceleration or deformation 
that occurs once the head impacts the surface. Contact theories such as the one pro-
posed by Hertz can be used in conjunction with dynamic models to gain better insight 
into the maximum impact forces and deformations of the player’s head [46]. Beginning 
with a particle model of the head (Fig. 7.6a), a simple work-energy approach yields

 T V W T V1 1 1 2 2 2+ + = +-  (7.18)

where T and V are the kinetic and potential energy of the COM of the head, respec-
tively, and W1 −  2 is the nonconservative work done on the head as it impacts the 
ground. The subscripts for each term indicate a given time point of the impact. Time 
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point 1 is chosen to be right before the head contacts the surface. Time point 2 can be 
any point during the subsequent compression of the head/surface. Taking the surface 
level to be the datum line for potential energy provides the following expressions:

 
T T m v vH H H2 1 2

2
1
21

2
- = -( )  (7.19)

 V V m gH2 1- = d  (7.20)

 
W F dc1 2

0
- = -ò

d

d
 

(7.21)

where mH is the mass of the head, vH1 is the impacting velocity of the head deter-
mined previously, and Fc is the ground reaction force (GRF). A total deformation 
term δ represents the deformation of the head plus the deformation of the surface. 
Hertz contact theory defines GRF acting perpendicular to the area of contact, assum-
ing that a sphere is contacting an infinitely long flat surface, as

 
F E Rc =

*4
3

1 2 3 2/ /d
 

(7.22)

where R is the radius of the head and E∗ is the effective modulus of the system 
dependent on material properties of both the surface and the head [46]. Equation 
(7.22) can be substituted in Eq. (7.21) only as long as the direction of impact is 
considered such that

 
- = -( ) +ò

0

3
2

2
2

1
21

2

d

d d dk d m v v m gH H H H  
(7.23)

where k = 
4
3

1 2E R* /  from Eq. (7.22). Maximum deformation occurs when final 

velocity of the head’s COM is zero, and integration of Eq. (7.23) to this time point 
results in

a b

Fig. 7.6 Schematic of a skull and partial cervical spine of a human impacting a surface. (a) Where 
the skull is modeled as a particle with mass m at a radius R. (b) Where point O is the origin of the 
neck joint, H is the COM of the head, and C is the point of contact with the head
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This final substitution allows us to solve for δmax and thereby maximum ground 
reaction force Fc, max using Eq. (7.22). Equation (7.24), however, does not hold for 
the one-link and two-link system since angular velocity of the head about the neck 
joint (point N) is unaccounted for. In order to be consistent with the rigid body 
assumptions used earlier, the kinetic energy of the system must be modified as 
follows:
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Angular velocity can again be related to translation velocity as q 2 =
v

rH N/

, sim-

plifying Eq. (7.25). With this updated representation of kinetic energy for a rigid 
link, Eq. (7.18) now results in
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Material properties for the sports surface and for an athlete’s head (or protective 
headgear) can be applied within this model to obtain acceleration profiles and maxi-
mum ground reaction forces.

 Model Comparison

In the theory presented thus far, increasing the degrees of freedom of the head 
impact model encompasses more input parameters that can influence impact sever-
ity. In order to understand the modeling potential of these approaches, we subjected 
the equations to a Monte Carlo sensitivity analysis. The aim of this analysis was to 
compare the three model types to determine if an increase in model complexity of 
sports surface regulations is warranted and how the model results depend on the 
properties of the surface. Furthermore, sensitivity indices are computed from a 
range of input parameters found in literature to assess the contribution of these input 
values on total impact severity outcomes. These outcomes are then related back to 
the head injury thresholds currently used in industry, namely, the WSTC and subse-
quent HIC.

 Determination of Input Parameters

Distributions were assigned to each of the required inputs according to the principle 
of maximum entropy. A uniform distribution, U(α,β),was assigned to any variable 
where only a lower bound (α) and upper bound (β) of potential values was found 
(Table 7.3) [47]. This enforced an equal probability of any value within the observ-
able range. The modulus of the sports surface (Eg) is not a widely available 
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measurement, and studies that do report its value have displayed at least a 3 orders 
of magnitude range [48, 49]. For this reason, a uniform distribution was chosen 
between two types of soils found in Guisasola et al. [48]

A normal distribution, N(μ,σ), was assigned to any variable where a mean (μ) 
and standard deviation (σ) was available in the literature (Table  7.4). This 
enforced an increased probability of the parameter taking values closer to the 
mean value. Much like the original WSTC studies, anthropometric parameters 
used in biomechanics analysis today frequently date to before the twenty-first 
century [51–55], and oftentimes result from a small subset of male cadaver data. 
For this reason, many of the normally distributed parameters apply to a simulated 
“male” model.

To reduce the likelihood of unrealistic combinations of anthropometric parame-
ters, some inputs were chosen to be functions of other random variables (i.e., head 
mass is calculated as a percentage of total body mass). These parameters and their 
calculations can be found in Table 7.5 [27, 52].

Table 7.3 Input parameters modeled with a uniform distribution

Parameter Units
Required in model? Lower 

bound
Upper 
bound Ref.Particle 1-Link 2-Link Hertz

θ1
° ✓ ✓ 5 45 –

θ2
° ✓ 20 45 –

rv m ✓ ✓ 0.5 1.3 –
v m/s ✓ ✓ 0.01 10 –
aEG MPa ✓ 6 52.7 Guisasola et al. 

[48]
μG − ✓ 0.05 0.49 Cole et al. [49]
μH − ✓ 0.2 0.5 Peterson and 

Dechow [47]

If the parameter is used in a specific model it is marked with a ✓. References for lower and upper 
limits are provided
aThis parameter distribution was used exclusively in sensitivity analysis

Table 7.4 Input parameters modeled with a normal distribution

Parameter Units
Required in model?

Mean Stdv Ref.Particle 1-Link 2-Link Hertz
m kg ✓ ✓ ✓ 88.7 15.6 CDC [52]
rH m ✓ ✓ ✓ 1.759 0.0625 CDC [52]
R m ✓ 0.086 0.0027 Lacko et al. [50]
Io kg · m2 ✓ ✓ 11.637 2.022 Santschi et al. [51]
I2/J kg · m2 ✓ ✓ 0.1418 0.0245 Dempster [53]
aEG MPa ✓ 6 0.3 Guisasola et al.  [48]
EH MPa ✓ 450 135 Boruah et al. [27]

If the parameter is used in a specific model it is marked with a . References for mean and standard 
deviation values are provided
aThis parameter distribution was used exclusively in the simulations post-sensitivity analysis
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 Sensitivity Analysis

A global sensitivity analysis (GSA) was performed to assess the influence of each 
input parameter to the linear acceleration of the head during surface impact per 
model type [56]. A variance-based method was utilized, in which the contribution 
of the individual parameter variability to the variability of the output was quantified. 
A Fourier Amplitude Sensitivity Test (FAST) was paired with a quasi-Monte Carlo 
algorithm. As found in Cannavó (2012), FAST approximates the functions of inter-
est as a Fourier series and consequently quantifies Fourier coefficients through a 
Fourier analysis [56]. In order to obtain the sensitivity coefficients, a numerical 
integration of the Fourier coefficients is calculated through a probabilistic interpre-
tation based on a quasi-Monte Carlo algorithm. A total of 9141 low-discrepancy 
sample points were selected, by calculating the Nyquist frequency and multiplying 
it by the number of discrete intervals chosen for the integration (M  =  10). It is 
important to note that by calculating first-order sensitivity indices, the analysis only 
quantifies the contribution of individual input parameters to the variance of the out-
put and disregards interaction terms between parameters [57].

Following the sensitivity analysis, a true Monte Carlo simulation with N = 1000 
random samples was executed given the set of parameter distributions. This allows 
for better visualization of the modeled impacts and for comparison with the WSTC 
which is used to calculate HIC, and thereby determine safety regulations for sports 
surfaces.

 Results

The sensitivity of peak translational acceleration (PTA) to the input variables is of 
interest since translational acceleration can be used to derive angular kinematics, 
GRF, and HIC values as presented previously as well as relate directly to on-field 
studies. The FAST sensitivity indices for each model type, with respect to the 

Table 7.5 Input parameters that were chosen as percentages of primary inputs

Parameter
Required in model?

Calculation Ref.Particle 1-Link 2-Link Hertz
m2 ✓ ✓ ✓ ✓ 8.26% of whole body mass Plagenhoef et al. 

[54]
m1 ✓ 91.74% of whole body 

mass
–

L1 ✓ 80.4% of player height Plagenhoef et al. 
[54]

L2 ✓ 19.5% of player height Plagenhoef et al. 
[54]

L2, COM ✓ ✓ 10.75% of player height Plagenhoef et al. 
[54]

If the parameter is used in a specific model it is marked with a ✓. References for % value calcula-
tions are provided
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sensitivity threshold (1/# parameters), are given in Fig. 7.7. For the particle model, 
the modulus of the ground and the impacting mass had the largest contributions to 
PTA. Given this result, the modulus of the ground was further restricted to a single 
type of surface (clay-loam soil [48]) to reduce the variability in the outputs profiles 
after the Monte Carlo simulation.

Each model type also produced unique kinematic and impact severity outputs 
given the randomly distributed 1000 Monte Carlo sets of input parameters 
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Fig. 7.7 First-order sensitivity indices determined using FAST for the particle, one-link, and two- 
link models independently. A red, dashed line indicates the model’s threshold of sensitivity given 
the number of parameters
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(Table 7.6). One of the random sets of inputs were found to produce a final velocity 
outside of the 99.7th percentile of the resultant population. For this reason, this set 
was selectively removed on the basis that it was unlikely to be a realistic combina-
tion of input parameters.

Translational acceleration profiles of the COM of the head during surface contact 
were determined by mirroring the start-to-peak profile (Fig. 7.8). The particle model 
was found to have a smaller range of modeling potential not only before impact, but 
during ground contact where PTA was only predicted in a small range of 
56.6–106.9  g. The two-link model displayed the best range of potential outputs 

Table 7.6 Calculated output metrics for each model type given N = 999 Monte Carlo simulations

Particle One-link Two-link
Before ground impact

Mean Range Mean Range Mean Range
PTA (g) 1 – 13.1 2.8–69.0 49.4 2.3–236.5
PTV (m/s) 5.9 5.5–6.2 13.8 6.2–35.0 12.0 3.3–28.7
PAA (rad/s2) – – 10.3 8.3–12.2 178.8 15.3–387.1
PAV (rad/s) – – 7.9 3.7–19.3 34.6 2.3–80.3
During ground impact

Mean Range Mean Range Mean Range
PTA (g) 75.3 56.6–106.9 202.4 73.9–633.5 169.8 23.1–501.3
PAA (rad/s2) – – 5768 2228–17658 4837 936–13971
GRF (kN) 5.3 3.3–7.3 16.8 4.96–57.0 14.1 2.3–44.8
Time to peak (ms) 14.5 10.1–18.4 13.2 9.5–18.3 13.6 9.9–19.3
HIC 316 200.–529 4698 352–44549 3020. 50.6–25810.
HIC-15 833 696–951 9607 980.–74159 6534 192–44986
HIC-36 224 187–256 2584 264–19946 1757 51.5–12099

The average, maximum, and minimum values for each metric is provided. Given metrics include 
peak translational acceleration (PTA), peak translational velocity (PTV), peak angular acceleration 
(PAA), peak angular velocity (PAV), ground reaction force (GRF), and head injury criterion (HIC)
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Fig. 7.8 Independent translational acceleration predictions during ground impact using Monte 
Carlo analysis (N = 999)
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including a 23.1–501.3 g predictive range for PTA which encompasses the types of 
subconcussive and injury-causing hits seen in contact sports. This was a more con-
servative maximum prediction than that of the one-link model (118–996 g) imply-
ing that allowing the head (or second link) to whip backward mitigates the effect of 
the pin constraint at the ground.

From the predicted PTA profiles, the effective acceleration and total time of 
impact were determined as to compare these values to the original WSTC curve 
provided by Gurdjian et al. in 1964 [24] (Fig. 7.9). Special interest points were 
also determined using the particle model for the NOCSAE ND 001-17m17b [42] 
and FIFA football turf [17] testing standards. From this figure, the particle model 
only represents a family of impact types highly dependent on surface properties 
and impactor mass. A similar finding is that the current testing standards further 
reduce the modeling potential of the particle model by highly restricting impact 
velocity.
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Fig. 7.9 Impact severity determination based on effective acceleration and total time of impact. 
The original curve-fit of the WSTC is provided as a reference along with special interest points 
from available sports testing standards. A drop tower test with impacting velocity of 5.44 m/s and 
3.9 m/s is NOCSAE testing standard [42] while an AAA test with impacting velocity of 1.03 m/s 
is designated by FIFA [17]
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 Summary

The existing sports surface regulations are fundamentally derived from outdated 
definitions and modeling of head injury and, therefore, are not fulfilling their origi-
nal purpose of mitigating player injury. With the recent progression of injury quan-
tification research and focus on mTBI, there is an opportunity to modernize the way 
the industry approaches safety criteria. At the time the original Wayne State 
Tolerance Curve was generated, concussion was loosely defined as “unconscious-
ness after impact” and identified in cadavers as linear skull fracture. Even the Wayne 
State group acknowledged the ambiguity of this definition and repeatedly cautioned 
readers before broadly adopting their tolerance curve stating, “fracture and concus-
sion are entirely different” [25] and “much more data must be obtained before valid 
conclusions can be drawn” [25].

Since the 1960s, not only has the definition of concussion evolved to encompass 
cognitive changes, but much research has proceeded these initial experiments that 
provide better indicators of head injury. Bari et al. [28] found a 50 g peak transla-
tional acceleration threshold to be indicative of the onset of metabolic changes in 
the brains of high school football athletes. This threshold is further supported by a 
similar study in female, high school soccer athletes that examined changes in blood 
flow [26]. Jang et al. [41] concluded that structural changes in white matter can be 
detected with peak linear accelerations as low as 20 g. This data is not accounted for 
with the tolerable HIC thresholds and has yet to be incorporated into any sports 
surface regulations. Furthermore, acceleration of this low magnitude is not obtain-
able with a guided particle approach, as with the AAA or drop tower. On the upper 
end of the spectrum, in order to reach HIC values larger than 1000 with a guided 
impactor test, the impactor mass must be larger than that of an average human head 
or drop heights taller than average human height.

Proposing peak linear acceleration thresholds on the order of tens of g’s may 
seem virtually impossible for sport surface developers to design for. It is true that 
designing against skull fracture is much more attainable than to mitigate “subcon-
cussive” impacts, which is potentially why HIC has been a firmly held metric for the 
last 50 years. However, the occurrence of the type of injury predicted by HIC is 
rarely observed within the area of sports biomechanics. Whereas, concussion and 
neurological changes are more prevalent and can arise from sports surface contact.

HIC and the WSTC do not have the capability of representing these types of 
sports-related injuries, yet they are continually used within sports surface regula-
tions. Though HIC and NOCSAE testing standards claim to be correlated with head 
injury, their application to real-life scenarios falls short since they intrinsically 
model the entire player as a particle. The standard rigid-link dynamic models of 
player impact paired with Hertz contact theory better represents these types of inju-
ries. Furthermore, these models paired with proposed linear and angular accelera-
tion thresholds offer more insight into player safety than the available impact 
severity metrics. It is important to note that the current models are defined for unhel-
meted sports. Future work will consider the interaction between helmets and the 
sports surface in a quantitative manner.
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Despite their potential, improved models of head injury can be rendered  
ineffective without assessment of sport surface material properties. The sensitivity 
analysis presented for each model elucidated the paramountcy of sports surface 
properties on impact severity, irrespective of the number of degrees of freedom. 
Determination of true material properties of the sports surface should be fundamen-
tal to testing standards and regulations in the absence of injury metrics.
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 Introduction

The limits of neuroimaging technology specify what types of neuropathology can 
be detected in traumatic brain injury (TBI), especially if the injury is mild. 
Fortunately, tremendous advances in neuroimaging technologies, especially with 
magnetic resonance (MR) imaging (MRI), have been made in the last few years, 
even in detection of subtle pathology following mild TBI (mTBI). Most conven-
tional MR studies configure anatomical images with millimeter resolution, meaning 
that structural MRI detects pathology at a similar level, although submillimeter 
resolution is now possible [1, 2]. However, the fundamental pathological changes 
that occur from mTBI happen at the micron and nanometer cellular level [3]. This 
means for brain injuries in the mild range, with the subtlest of neural injuries that 
the macroscopic lesions characteristic of more severe pathologies simply is not vis-
ible in most cases. For example, Fig. 8.1 is from Mayer et al. [4] that examined the 
frequency of visually objective findings in mild TBI in a large multisite sample of 
mTBI pediatric cases, initially identified and diagnosed in the emergency depart-
ment but then followed up with MRI. As shown in Fig. 8.1, while visible abnormali-
ties on MRI may be seen in cases of mTBI, they are only detected in a minority of 
the mTBI cases scanned and tend to be singular findings. Accordingly, there is a low 
yield in standard, routine clinical neuroimaging in detecting mTBI abnormalities. 
Fortunately, with contemporary advances in neuroimaging quantification and analy-
sis, these advanced neuroimaging methods have provided improved insights into 
how underlying neuropathology associated with mTBI and how it can be 
detected [5, 6].
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From review of the images in Fig. 8.1, it is also evident that the location, size, 
and distribution of MRI abnormalities in mTBI are very heterogeneous. It is also 
evident that many of these visible abnormalities are small and sometimes rather 
inconspicuous. This is quite different from what may be observed in moderate-to- 
severe TBI. Straightforwardly, the contrast in gross visible detection of pathology 
from mild-to-severe TBI is demonstrated in Fig. 8.2.

In Fig. 8.2, all of the individuals with mTBI had a postresuscitation Glasgow 
Coma Scale [7] score of 15 and were part of the social outcomes of brain injury in 
kids [SOBIK] [8] investigation. Although all children in the SOBIK investigation 
who sustained mTBI had positive day-of-injury (DOI) computed tomography (CT), 
in the form of contusion, petechial hemorrhage, skull fracture, or edema, only about 
two-thirds of the 41 mTBI children had identifiable MRI abnormalities when fol-
lowed up approximately a year or more postinjury. As demonstrated in the Bigler 
et al.’s [8] investigation, a number of children with subtle hemorrhage and/or local-
ized edema on the DOI CT did not evidence visibly detectable abnormalities on 
follow-up MRI performed at least a year postinjury. While not possible in human 
mTBI studies, animal investigations that model mTBI where acute neuroimaging 
abnormalities become nondetectable over time nonetheless may show residual 
pathology at the histological level [9–11]. As such, it is safe to assume that DOI 
pathology like petechial hemorrhages that are not detected on follow-up imaging 
nonetheless indicates significant shear forces were present in the brain at the time of 
injury and likely do reflect where residual pathology may be present at the cellular 
level, just not detectable with contemporary neuroimaging methods.
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Fig. 8.1 (a) Selection of radiologic common data elements, or rCDEs, of possible (a) and proba-
ble (b) traumatic origin across four different MRI sequences. Cavum septum pellucidum (CSP), 
hematomas, and contusions were readily visible across T1-weighted, T2-weighted, fluid- attenuated 
inversion recovery (FLAIR), and susceptibility-weighted imaging (SWI) sequences. White matter 
hyperintensities (WMH) and prominent perivascular spaces (Virchow-Robin spaces [VRs]) were 
differentiated by their more conspicuous appearance on FLAIR and T2 sequences, respectively. In 
contrast, diffuse axonal injuries (DAI) were almost exclusively visible on SWI sequences. Note 
that abnormalities may only be observed on certain MRI sequences
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The introduction above highlights the “visible” abnormalities in mTBI, but 
structural neuroimaging also provides other metrics to assess the pathoanatomical 
nature of injury. When abnormalities are detected, how does this assist the clinician 
or researcher in understanding outcome and treatment? In the last few years, a vari-
ety of both structural and functional neuroimaging techniques have led to a more 
informed approach for understanding brain networks, along with how network dam-
age/dysfunction accompanies TBI [3, 12]. This is a particularly important neuroim-
aging and cognitive neuroscience advancement because the inference about location 
of the lesion or structural abnormality in mTBI may not be the most important fac-
tor associated with a traumatic injury, but how that traumatic pathology disrupts 
network functioning.

Figure 8.3 summarizes some of the network advances since the previous edition 
of this text [5]. In mathematics, graph theory provides metrics to examine pairwise 
relations between objects [13]. For brain structure, an “object” is defined as either a 

Fig. 8.2 The subtleness and diversity of MRI identified chronic (>6  months postinjury) brain 
lesions in four mTBI patients, all with a GCS of 15, compared to the massive structural pathologies 
associated with severe TBI presented in this figure. The mTBI case shown in the top middle and 
right shows characteristic area of small focal encephalomalacia with increased region of CSF 
(arrow) in the T2-weighted image (top right) associated with residual hemosiderin (arrowhead) in 
the gradient-recalled echo (GRE) sequence (top middle). These pathological changes were origi-
nally the result of a focal frontal contusion. In the sagittal image in the bottom left, focal frontal 
encephalomalacia is evident (arrow) and encephalomalacia in the temporal lobe (arrow) in the 
middle image with the bottom right image showing an axial scan with subtle hemosiderin right at 
the gray-white junction (arrow), all from different children. In contrast, the child with severe injury 
(axial view, upper left) has massive structural pathology. (From Bigler et  al. [8]; used with 
permission)
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region of interest (ROI) or at a cellular level, how neuron A connects with neuron B, 
so on [3]. Connection strength is mathematically determined, where, as shown in 
Fig. 8.3, a graph matrix is generated by various vertices that connect two points or 
nodes which are connected by edges, forming linkage between those areas (see 
upper left, Fig.  8.3). Several important neuroimaging-derived networks are pre-
sented in Fig. 8.3 (bottom left). Note that each network has a rather diverse array of 
cortical representations, where each region of the network needs to be intercon-
nected for a particular domain to function, meaning that connectivity is directly 
dependent on the health of axon integrity, ergo, and brain white matter. Accordingly, 
where traumatic pathology of any type may reside, the location of the pathology 
may not be as important as knowing how a particular network is affected. The 
importance of this point is that any focal TBI pathology has the potential to distally 
affect and disrupt the network far from the specific source of the pathology.

Fig. 8.3 (Top Left) The network schematic is from Arnatkeviciute and Fulcher [13], which shows 
different concepts of hubness in brain networks. A schematic representation of a modular network 
where nodes within a module (different background colors) show a relatively high degree of intra-
modular connectivity and a low degree of intermodular connectivity. High-degree nodes can be 
classified into (i) local hubs (blue) that have a high-degree centrality and low participation coeffi-
cient; and (ii) connector hubs (red) that have high degree and connect to nodes in other modules. 
Nodes with high betweenness centrality are located on shortest paths between nodes and can play 
an important role in linking different nodes, even if they have low degree (e.g., the green node sup-
ports communication between the yellow and orange modules). (Bottom Left) Adapted with per-
mission from Bailey, Aboud [15] depicts several of the multicortical loci for different networks. 
Note how the regional representation is never in just one area, indicating the dependence of the 
network on white matter connectivity. The “Rich Club” network depicted to the right is from van 
den Heuvel and Sporns [16], used with permission. The schematic depicts the group connectome 
with rich-club connections marked in dark blue. Connections between rich-club regions (dark 
blue) and connections from rich-club nodes to the other regions of the brain network (light blue) 
link via hubs which vary in their strength of connection as reflected in their size. The figure shows 
that almost all regions of the brain have at least one link directly to the rich club
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The image on the right of Fig. 8.3 provides a schematic of what is referred to as 
a “Rich Club” network, which euphemistically refers to the most critical parts of the 
network, including critical central hubs [14]. The importance of the network in this 
illustration is signified by the width of the connector lines and size of the hub icon. 
On the periphery of a network, minor connector points or nodes of a network prob-
ably have some redundancy with other aspects of the network where either via net-
work adjustment or re-routing minimal to no damage to the network occurs, when 
that minor node is damaged. In this scenario of reworking the network, over time the 
effects of the injury may not be functionally detectable. On the other hand, if there 
is substantial pathology directly affecting a major hub, then more devastating effects 
occur, or if numerous peripheral nodes within a system get disrupted.

Because of these limitations with neuroimaging resolution in detecting abnor-
malities, a simple distinction in structural imaging may be developed between 
lesions or abnormalities visibly identified at the macroscopic level and those more 
empirically or quantitatively derived from scan metrics. This distinction between 
visible versus empirically derived quantitative metrics will be further explored in 
this chapter but first some mention of the role of CT in TBI will be discussed because 
it is the most common initial or emergently performed structural imaging modality 
performed in TBI, including mTBI [6, 17–19]. As such, typically, the first neuroim-
aging findings in TBI are CT based, providing important baseline information even 
when entirely negative. This chapter will not cover functional neuroimaging or 
magnetic resonance (MR) spectroscopy (MRS) as these techniques will be covered 
elsewhere and have previously been reviewed by Slobounov et al. [20]. Also, funda-
mentals of imaging will not be covered in this chapter as a variety of publications 
provide such information [21, 22].

 Heterogeneity of mTBI

As already alluded to and shown in Figs. 8.1 and 8.2, no two head injuries are identi-
cal [23]. Even with the careful precision of animal models no two injuries can ever 
be identically replicated [24]. If one now adds to the complexity, individual differ-
ences in human development and experience (the brain is an experience/age- 
dependent organ), combined with genetic endowment and whatever unique 
circumstances that occur with each injury, an incredible mix of events and circum-
stance accompanies every injury. So, the pathology that is detectable via neuroim-
aging techniques will never be identical across individuals but there are common 
pathologies. As will be explained in greater detail throughout this chapter, particular 
vulnerability of white matter (WM) underlies much of the pathology associated 
with mTBI. The majority of axons are myelinated; with the vulnerability of WM 
damage from trauma, the WM designation infers that the axon element of the neu-
ron is particularly susceptible in TBI. Interneuronal connection occurs via axons; 
thus, WM pathology in TBI may be considered a problem of neural connectivity, 
disruptive of the WM architecture that makes up neural networks as depicted in 
Fig.  8.3. With a neuron’s cell body densely compacted within the gray matter 
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neuropil and held tightly within this matrix of cell bodies, the axon extension 
becomes vulnerable because WM pathways course in multiple directions of various 
lengths creating a bend and interwoven lattice work of projecting axons. This makes 
WM especially vulnerable to stretch, strain, and tensile effects following mechani-
cal deformation that occurs with impact injury [17, 18, 25, 26]. This is depicted in 
Fig. 8.4, which shows that only certain WM tracts are actually damaged within a 
particular biomechanical strain field (see [27]). Watanabe et al. [28] have shown 
how with each individual impact injury, unique influences occur from the biome-
chanical movement of the brain within the cranium in relation to body impact. In 

Underlying voxels with
cell death information

Two dimensional
illustration of voxels
assigned to the edge
between ROI based on
fibers

Voxels above cell
death threshold

Region of
interest 1

Region of
interest 2

Fig. 8.4 This schematic shows how different axon trajectories may or may not be vulnerable to 
injury. As can be seen, there are only certain sectors where the biomechanical deformation suffi-
ciently alters brain parenchyma to damage axons. Lines represent hypothetical axon projections 
from one gray matter structure to another. Note that even though all connect region of interest 
(ROI) 1 with ROI 2, and that out of all sectors where these hypothetical axons project, only eight 
of the sectors experienced sufficient deformation to damage axons because of the differences in 
crossing routes and trajectories numerous axons that were affected. (From Kraft et al. [27]; used 
with permission)
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particular, Watanabe et al. show that with basic biomechanical modeling of injury 
that as the upper brainstem merges into the region of the base of the thalamus and 
internal capsular area, this also represents the center of parenchymal movement 
with simple acceleration and rotation. The point to make with this observation, is 
that some of the greatest strain occurs subcortically. However, the Watanabe et al. 
simulations also demonstrated that each injury produced unique brain displacement 
based on individual characteristics of impact biomechanics. These unique individ-
ual differences, when coupled with the fact that neural tissue has different elastic 
properties that are region and structure dependent [25], further reinforces the con-
cept that no two injuries from mTBI will ever produce identical pathology detect-
able by neuroimaging. More about the biomechanics and regions of vulnerability 
will be reviewed at the end of the chapter.

 Time Sequence of Neuropathology Associated with mTBI

There can be no dispute that an acute brain injury has occurred in a witnessed trau-
matic event associated with positive loss of consciousness (LOC) and obvious bio-
mechanical forces. Therefore, such cases represent the best model for understanding 
the time sequence of symptom resolution and return to baseline function. The case 
shown in Fig. 8.5, which displays a negative DOI CT scan, provides such an exam-
ple. This young adult female sustained an mTBI in an auto-pedestrian accident. She 
was struck by a passing car while standing next to her vehicle with family members 
nearby, but no other family member was struck or injured. She was thrown into the 
air striking her head on the curb, resulting in immediate LOC (no skull fracture), 
which lasted 2–3 min according to eyewitness family members present at the time 
of the accident. Emergency medical services were on the scene within 10  min, 
where they found her conscious but confused. She had orthopedic injuries to her 
legs (ligament knee injuries) and was stabilized and transported to the emergency 
department (ED) with a GCS of 15 noted on intake. During ED observation over the 
next couple of hours, GCS fluctuated between 13 and 15. With the head DOI CT 
being negative (see Fig. 8.5; top left), but given the severity of the impact, positive 
LOC, and fluctuating level of GCS she was monitored overnight and discharged the 
next day, with outpatient follow-up provided through the hospital concussion care 
program. Interestingly, her postconcussive symptoms (PCS) of headache, mental 
confusion, lethargy, and sleepiness increased in the days that followed. Some have 
speculated that PCS reaches its apex on the DOI and then dissipates. While true for 
some, peak symptoms following mTBI may occur hours to days postinjury [29, 30], 
which was the case with this patient. She was a student and attempted to go back to 
her studies approximately 3 weeks postinjury but experienced major cognitive chal-
lenges, especially problems with focused and sustained attention along with fatigue. 
Because of the persistence in symptoms and that MRI studies had not been done, 
several weeks postinjury an MRI was obtained which demonstrated residual hemo-
siderin deposition scattered in the right frontal region as shown in Fig. 8.5, which 
also corresponded to scattered WM hyperintensities. These abnormalities remained 
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stable over the next 5  years of follow-up and represent common neuroimaging 
sequelae associated with mTBI.  The follow-up scans objectively document the 
damage from the mTBI and also demonstrate the insensitivity of CT in detecting 
some microhemorrhages and WM pathology associated with mild injury as well as 
other pathologies that undoubtedly, given the MRI findings, were present on the 
DOI but below the threshold for CT detection. With regard to the timeline of symp-
tom onset, what is of particular interest as demonstrated in this case is that it took 
several days for the full effects of the mTBI to be manifested and weeks to diminish 

Day-of-injury

Pre-injury MRI Post-injury MRI

5 years post-injury

Fig. 8.5 This young adult sustained a significant mTBI in an auto-pedestrian injury where she had 
positive LOC, but the DOI CT revealed no abnormality. However, as symptoms persisted, this 
patient was assessed with MRI which revealed hemosiderin and focal white matter hyperintensi-
ties. Interestingly, this patient had participated as a research subject prior to the injury, confirming 
no prior brain abnormalities, as shown in the preinjury MRI, although only a T1-weighted MRI 
had been performed
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but chronic deficits remained as would be expected given the MRI findings, consis-
tent with shear damage within the frontal lobes.

Although the positive LOC in mTBI is abrupt and an obvious indicator of TBI, 
by definition for mTBI it has to be brief and transient or, otherwise, the injury 
would no longer be considered “mild.” LOC is also not a criterion for sustaining 
mTBI [31]. The evolution of symptoms/problems associated with the initial 
injury, regardless of whether there is alteration in level of consciousness, likely 
has much to do with complex cellular responses to the mechanical deformation of 
brain parenchyma following injury [32, 33]. Indeed, the fact that there may be an 
evolution of the pathophysiology of mTBI subsequent to the initial injury is well 
established [31, 34], as reviewed in the previous edition of Concussion in Athletics. 
Although mTBI is initiated by an event involving traumatic deformation of neural 
tissue, the event does not induce a singular, universal pathological event, but initi-
ates the most complex array of structural and physiological changes in brain 
parenchyma. If the biomechanical deformation is minimal, only transient disrup-
tion in neuron integrity may occur [3, 26, 35]. This is depicted in the schematic 
presented in Fig. 8.6 [36], based on cultured neurons, that have been mechanically 
stretched to mimic injury, from minimal and transient to maximal with permanent 
damage. This illustration provides a nice heuristic, albeit simplistic, to visualize 
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Fig. 8.6 This illustration depicts various potential axonal outcomes following stretch injury in an 
in vitro TBI model. (a) Shows stretch sufficient to create axon beading, which may have transient 
effect if minimal enough and as shown in (b) where axon morphology returns to baseline with no 
identifiable structural abnormality. However, initial beading may progress, as shown in (c) and (d), 
resulting in axon discontinuity and degeneration as shown in (e). (From Magdesian et al. [36]; used 
with permission)
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what may occur following mTBI. Note, in this heuristic, transient injury may not 
lead to structural damage. In such a scenario, the injury did not reach a severity 
threshold where reparative influences could not overcome the initial cascade of 
potentially permanent damaging effects from the traumatic pathophysiological 
events. However, with more significant perturbation, the deformation may begin a 
process that results in irregular axon morphology and synaptic discontinuities to 
complete axonal degradation.

In Fig. 8.6, if structural neuroimaging is performed at point “b” in the illustra-
tion, there may be no structural neuroimaging counterpoint to show the injury or the 
damage that was initially induced. As such, the timing issue when neuroimaging is 
performed also relates to the complexity of what attends even a mild injury. Since 
when and what type of pathology is expressed further complicates what may be 
detected with neuroimaging techniques at any point in time postinjury, this under-
scores the importance of multimodality neuroimaging. For example, the pathobio-
logical complexity mTBI based on severity and time postinjury can be readily 
demonstrated via in vitro models of stretch injury [37–39]. In their rodent model, 
Morrison et al. [38] used cultured cells, and then subjected them to stretch injury of 
different severity. Dependent on the severity of stretch and time postinjury, differ-
ences in damage occurred. For some cells, damage may be immediately sufficient 
to cause cell death, whereas other cells may just be rendered physiologically unsta-
ble but with the potential to return to baseline, whereas others progressively die or 
survive. Those who survive do so with the potential for altered physiological and 
structural properties.

Churchill and colleagues [40] (see also [41–43]) demonstrate this fluctuating 
change by plotting how dynamic influences in structural and functional pathologies 
may emerge in neuroimaging over time as depicted in Fig. 8.7. A take-home mes-
sage from this illustration, as stated by Churchill et al. is that “Different physiologic 
aspects of the brain have different concussive recovery times, which can be observed 
by using MRI.” How and when the physiological changes occur also influences 
when structural changes might be observed.

If a concussive injury is to be but a transient perturbation of physiological integ-
rity, a large array of cellular functions must overtime return to homeostatic baseline. 
Translating this into what may occur in human mTBI, Fig. 8.8 shows how cognitive 
and neuroimaging findings change over time in mTBI during the first 8 days [44]. 
All of these mTBI patients had experienced an “uncomplicated” mTBI, meaning 
that no abnormalities were identified in the DOI CT scan, almost all with a GCS of 
15 and all owing to the result of some type of motor vehicle accident. All subjects 
were assessed within 2 days of injury, and serially at days 3–4, 5–6, and 7–8 postin-
jury. Alternate forms of the Hopkins Verbal Learning Test-Recall (HVLT-R) were 
administered at each time point and, as can be seen in Fig. 8.8, memory perfor-
mance typically dipped between days 3 and 6, suggesting the confluence of primary 
and secondary effects from mTBI reaching their apex at this point. Interestingly, 
these subjects were also assessed at each time point with MRI and diffusion tensor 
imaging (DTI), where the fractional anisotropy (FA) measurement was obtained on 
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each occasion. As plotted in Fig. 8.8, FA exhibited variable fluctuations within each 
individual as did memory function over the first 8 days postinjury. In mTBI, acute 
increases in FA may reflect neuroinflammation [3] and, as seen in Fig. 8.8, several 
mTBI patients showed FA peaks between days 3–4 and 7–8. Decrease in FA may 
reflect axon damage but without preinjury neuroimaging to know precisely where 
each individual’s FA baseline made it difficult to fully interpret these findings. 
However, from a memory performance perspective, almost all showed a decrease 
after day 1–2, with PCS symptoms reaching their peak around day 3. This does 
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Fig. 8.7 This illustration is from Churchill et al. [40] and illustrates how different neuroimaging 
modalities detect changes over time in mild TBI. (Reproduced with permission from Neurology)
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Fig. 8.8 Fractional anisotropy (FA) serial plots over the first 8 days postinjury for seven mTBI 
patients plotted with corresponding memory performance on the Hopkins Verbal Learning Test- 
Recall (HVLT-R) performed on the same day as the neuroimaging (note one patient did not have 
the serial neuroimaging performed). Note the fluctuation in FA, but also the general reduction in 
memory performance between days 3–4 and 7–8. (From Wilde et al. [44]; used with permission)
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suggest that the variability in FA during this acute/subacute time frame may reflect 
instability of WM microstructure associated with the injury.

 Computed Tomography in mTBI

CT imaging is especially rapid and, with contemporary technology, can be com-
pleted within seconds to minutes in the acutely injured individual. Since it uses 
X-ray beam technology, it is not influenced by paramagnetic objects like those 
which occur with MRI and, therefore, life support and other medical assist devices 
do not necessarily interfere with image acquisition or preclude its use. Likewise, 
metallic fragments from injury that may be paramagnetic can be imaged without 
concern about displacement by the strong magnetic fields generated by MRI, 
although image distortion occurs. Excellent contrast between bone and brain paren-
chyma can be achieved with CT, where CT clearly has the advantage over MRI in 
demonstrating the presence and location of skull fractures, common sequelae with 
head injury. CT also provides methods for examining cerebrovascular integrity, 
blood flow, and inflammation in TBI [45].

In mTBI, the commonly identified abnormalities that can be visualized using CT 
imaging are surface contusions typically at the brain-skull interface, petechial hem-
orrhages, and/or localized edema (see Fig. 8.1). The presence of petechial hemor-
rhage in TBI is considered a marker of DAI [3], two examples of which are shown 
in Fig. 8.9. Skull fracture is also readily identifiable with CT and must be considered 
as an indicator of potential brain injury because the distinct forces necessary to 
fracture bone are certainly sufficient to injure brain parenchyma. Often because of 

Case 1 Case 2

Fig. 8.9 CT appearance of petechial hemorrhage in two separate cases. Note the proximity of the 
lesion within the white matter but at the border of where the gray boundary is located. Both cases 
were adults and involved high-speed motor vehicle accidents. Note the black arrow in Case 1 and 
the top white arrow in Case 2 point to the hemorrhage which occurs right at the gray-white junc-
tion. In Case 2 there is a contrecoup hemorrhagic lesion in the posterior corpus callosum, bot-
tom arrow
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the limited resolution of CT, even in the presence of some type of skull fracture in 
an individual with mTBI, parenchyma may appear normal on CT. Of course, just 
because neural tissue may appear “normal” does not mean normal microstructure 
and function because that is beyond the scope of what CT may detect [3, 11].

When an abnormality is present on the DOI CT, as stated earlier, criteria for the 
classification of “complicated mild TBI” are made. However, given contemporary 
advances that identify mTBI abnormalities that simply are not detected by CT imag-
ing, this classification is mostly meaningless. Figure 8.5 demonstrated this point 
and another case is shown in Fig. 8.10. The presence of hemosiderin deposition is 
presumed to be the best marker for the existence of traumatic shear injury [3]. 
Currently, the superior MRI method for detecting hemorrhagic shear lesions in 
mTBI is susceptibility weighted imaging (SWI).

CT imaging readily identifies more serious acute injuries or evolving TBI pathol-
ogies that require neurosurgical intervention and is of critical importance in the 
initial triage and medical management of TBI, including mTBI [18, 46]. With that 
being said, however, it is of limited utility in mTBI [19].

 Visible Macroscopic Abnormalities

To best understand what information may be gathered from MRI in TBI, it is impor-
tant to appreciate that the abnormalities are, in part, as previously mentioned, time 
dependent and differ by primary as well as secondary injury effects. Bigler and 
Maxwell [47, 48] have outlined a time frame depicting the potential pathological 
changes that occur as presented in the schematic shown in Fig. 8.11, which depicts 

a b c

Fig. 8.10 The insensitivity of CT (a) and conventional gradient recalled echo (GRE, b) sequences 
to detect petechial hemorrhage are shown. The CT scan was interpreted to be within normal limits 
with no hemorrhage identified yet this individual agreed to participate in a research study and, 
therefore, was scanned with MRI procedures including susceptibility weighted imaging (SWI) as 
shown in (c) and magnetization transfer imaging (MTI, not shown), both show frontal abnormality 
and residual hemorrhage. (From Bigler [60]; used with permission)
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Fig. 8.11 Schematic overview of current thinking with regard to axonal injury in human DAI and 
animal diffuse traumatic brain injury. (Modified from Biasca and Maxwell [35] and from Bigler 
and Maxwell [47]; used with permission)
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how visibly detectable lesions change over time. Characteristic primary and second-
ary pathologies can be readily defined when sequential imaging is performed, typi-
cally a combination of CT and MRI, as shown in Fig. 8.12.

In Fig. 8.12, the acute CT findings depict the faint appearance of blood, mostly 
likely indicative of a traumatic subarachnoid hemorrhage. The presence of hemor-
rhage in TBI, whether detected by CT or MRI, is commonly considered the best 
indicator of intracranial traumatic shear forces sufficient to produce traumatic axo-
nal injury (TAI) [47, 48], since there was obvious biomechanical force to induce 
hemorrhage. However, even with the best of resolution that CT imaging provides, 
precise detection and localization of significant pathology is limited as demon-
strated in Fig. 8.12. By 8 days postinjury, edema is identified, but the hemorrhage 
has basically resolved where phagocytosis has removed degraded blood by- products. 
By 2 months postinjury, CT imaging demonstrates what appears to be resolution. 
However, when scanned 4 years later with MRI, hemosiderin deposition is dis-
tinctly apparent not in the subarachnoid space, but within brain parenchyma. 
Imaging of the gyri where the hemorrhage was identified also distinctly demon-
strates signal abnormality beyond the hemosiderin foci. When viewed with MRI 
and knowing the sequence of events, the initial impact forces in this region likely 
sheared both blood vessels and neural tissue, resulting in DAI and focal WM 
changes. However, the DOI CT mostly depicts subarachnoid hemorrhage, with little 

Fig. 8.12 Starting with the DOI CT scans, various lesion types are identified and using the DOI 
scan as baseline, changes from DOI to chronic state may be shown. The “lesion” starts off as a 
subtle subarachnoid hemorrhage, but by 8 days postinjury, it is seen as edema which appears to 
resolve by 9 weeks postinjury. However, with follow-up MRI, subtle hemosiderin deposition is 
identified
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indication of underlying WM damage. Only through sequential imaging does the 
true clinical significance of this injury become apparent.

Combining information from Figs.  8.11 and 8.12, the primary and secondary 
effects of TBI can be inferred. At the point of impact, the primary injury occurs, and 
given the follow-up MRI findings there likely was traumatic shear injury resulting 
in primary axotomy. However, considerable secondary injury also likely occurred 
because of the edema, as well as vascular injury, and whatever local pathologic, 
metabolic, and neurotransmitter derangements and aberrations that occurred. 
Sheared blood vessels can no longer provide oxygenated blood to the neuropil 
resulting in additional neural tissue (both neurons and glial cells) compromise, deg-
radation, and potential death. This becomes the source for focal atrophy. Neuronal 
degeneration ensues which cannot be detected by CT imaging but is revealed by 
MRI. This potential sequence of events and its adverse influence on the axon is 
depicted in Fig. 8.13 [35, 49].

 Empirically Derived Quantitative MR Abnormalities

The common images generated from MR technology, like those shown in the vari-
ous figures up to this point have all been generated by MR display metrics that form 
the basis for the image presentation. However, these quantitative MR metrics permit 

Fig. 8.13 Evolving pathophysiology of traumatic injury in myelinated axons. In this figure, the 
author’s attempts, in an abbreviated fashion, to illustrate some of the key events believed to be 
involved in the pathobiology of traumatic axonal injury and, thereby, identify potential therapeutic 
targets. Although framed in the view of primary nodal involvement (a), this focus does not pre-
clude comparable change ongoing in other regions of the axon. Panels b and c show normal axonal 
detail including the paranodal loops and the presence of intraaxonal mitochondria, microtubules, 
and neurofilaments, together with the presence of multiple axolemmal channels localized primar-
ily to the nodal domain. Mild-to-moderate traumatic brain injury in panel d is observed to involve 
a mechanical dysregulation of the voltage-sensitive sodium channels, which contribute to increased 
calcium influx via reversal of the sodium calcium exchanger and the opening of voltage- gated 
calcium channels. This also impacts on the proteolysis of sodium channel inactivation that contrib-
utes further to local calcium dysregulation. Microtubular loss, neurofilament impaction, and local 
mitochondrial damage can follow, which, if unabated, collectively alters/impairs axonal transport 
illustrated in panel e. Alternatively, if these abnormalities do not progress, recovery is possible (f). 
When progressive, these events not only impair axonal transport but also lead to rapid intraaxonal 
change in the paranodal and perhaps internodal domains that elicit the collapse of the axolemma 
and its overlying myelin sheath to result in lobulated and disconnected axonal segments (g) that, 
over the next 15 min–2 h, fully detach (h). The proximal axonal segment in continuity with the cell 
body of origin now continues to swell from the delivery of vesicles and organelles via anterograde 
transport while the downstream fiber undergoes Wallerian change (i). Finally, with the most severe 
forms of injury, the above identified calcium-mediated destructive cascades are further augmented 
by the poration of the axolemma, again primarily at the nodal region (j). The resulting calcium 
surge, together with potential local microtubular damage and disassembly, pose catastrophic 
intraaxonal change that converts anterograde into retrograde axonal transport, precluding contin-
ued axonal swelling, while the distal axonal segment fragments and disconnects (k), with Wallerian 
degeneration ensuing downstream (l). (From Smith et al. [49]; used with permission)
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analyses separate from just the anatomical image display. For example, Fig. 8.14 
shows the appearance of a DTI MR sequence with its associated color map. Two 
common metrics derived from DTI are referred to as fractional anisotropy or FA and 
apparent diffusion coefficient or ADC. Figure 8.14 provides a DTI schematic depict-
ing the relationship of FA and ADC to axon integrity and what happens with axon 
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damage. These DTI metrics assess the microstructure of WM and are based on the 
characteristics of how myelin sheaths and cell membranes of WM tracts affect the 
movement of water molecules. Healthy axonal membranes constrain the free move-
ment and direction of movement of water. Consequently, water molecules tend to 
move faster in parallel to nerve fibers rather than perpendicular to them. This char-
acteristic, which is referred to as anisotropic diffusion and is measured by FA, is 
determined by the thickness of the myelin sheath and of the axons. FA ranges from 
0 to 1, where 0 represents maximal isotropic diffusion (e.g., free diffusion in perfect 
sphere) and 1 represents maximal anisotropic diffusion, that is, diffusion in one 
direction (e.g., a long cylinder of minimal diameter). Diffusion anisotropy varies 
across WM regions, putatively reflecting differences in fiber myelination, fiber 
diameter, and directionality.

The aggregate fiber tracts of an entire brain can be derived from DTI, as shown 
in Fig. 8.15. In TBI, DTI may demonstrate a loss of fiber tract integrity, reflected as 
a thinning out of the number of aggregate tracts. This is also demonstrated in 
Fig. 8.15, where a patient with TBI is compared to a similar aged individual with 
typical development. The loss of aggregate tracts in the TBI whole-brain network 
analysis demonstrates an overall reduction in WM connectivity. DTI methods pro-
vide various techniques to view the pathological effects of TBI within the context of 
WM network connectivity.

Fig. 8.14 [Top] The images on the upper left show the DTI acquisition image and the DTI color 
map (middle left) in comparison to the conventional T1 and T2. The cartoon on the right depicts 
the relationship of fractional anisotropy (FA) with the apparent diffusion coefficient (ADC) show-
ing how normal conformity of membrane anatomy constrains water diffusion; however, if mem-
brane dissolution occurs in any fashion, such as from TBI, water is freer to move and with lack of 
constraint, FA elevates and ADC declines. [Bottom] Results of voxel-wise meta-analysis findings 
of where DTI differences are most likely to occur based on the review by Hunter and Lubin [50]. 
Fractional anisotropy (FA) in those with TBI subjects demonstrated one cluster of high FA (red) in 
the right superior longitudinal fasciculus and seven clusters of low FA (blue), the largest two 
located in the corpus callosum
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When DTI metrics are applied to milder injuries, the dramatic changes as visual-
ized in Fig. 8.15 are typically not observed but at a group level, a variety of charac-
teristic changes in WM integrity may be detected. For example, returning to 
Fig.  8.14, the illustration from Hunter and Lubin [50] summarizes DTI findings 
involving an mTBI review and meta-analysis of quantitative DTI findings, where 
the most overlapping abnormalities have been reported. As shown in Fig. 8.14 (bot-
tom), the most common FA changes are consistently observed in mild TBI that 
occurs within the corpus callosum.

Trauma-induced edematous reactions in the brain compress parenchyma, which 
in turn, may influence water diffusion potentially detected by DTI. Using the FA 
metric, increases in FA beyond some normal baseline may signify neuroinflamma-
tion, whereas low FA may occur when axon degradation and membrane abnormali-
ties increase water diffusion or when actual degeneration has occurred, which 
increases extracellular water [3]. Since TBI may induce dynamic changes over time, 
differences in FA over acute, subacute, and chronic time frames postinjury may dif-
fer as well. When axons degenerate, the increased space frees extracellular water, 
resulting in lower FA. Thus, in mTBI, low FA may reflect WM degeneration with 
increased FA beyond normative baseline, and may indicate neuroinflammation 
[51, 52].

Control Subject

Fig. 8.15 DTI-derived aggregate tracts of the brain can be visualized where in a healthy adult, the 
dorsal view of the control participant on the left depicts the dense organization of fiber tracts where 
green streamlines show tract orientation (red/orange = laterally projecting tracts, blue = vertically 
orientated tracts and green = anterior-posterior projections). In the TBI subject on the right who 
had sustained a severe TBI, thinning of the tracts is visibly obvious implicating widespread loss of 
white matter integrity
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 Heterogeneity Visible mTBI Lesions

Bigler et al. [8] examined a sample of 41 children with complicated mTBI. When 
assessed with MRI at least 6 months postinjury, regardless of whether the residual 
lesion was an area of focal encephalomalacia, hemosiderin deposit, or WM hyper-
intensity, none of the lesions perfectly overlapped, although the majority were dis-
tributed within the frontal and temporal lobes. Just from the randomness of the 
lesions, this would indicate that each mTBI produced its own unique injury and with 
unique injury this would indicate the likelihood that mTBI sequelae would likely be 
rather idiosyncratic to the individual as well.

 Cellular Basis of mTBI Neuropathology

Based on the position statement by the International and Interagency Initiative 
toward Common Data Elements for Research on Traumatic Brain Injury and 
Psychological Health, the definition of traumatic brain injury is “… an alteration in 
brain function, or other evidence of brain pathology, caused by an external force 
[31].” External force induces brain injury via deformation of neural tissue that sur-
passes tolerance limits for normal displacement or strain that accompanies move-
ment such as jumping, rapid turning of the head, and simple bumps to the head. So, 
at the most fundamental level of injury, cellular deformation disrupts anatomy and 
physiology sufficient to at least transiently impair function when the threshold for 
mTBI has been reached.

Too often, neural cells are viewed schematically as an artist’s rendition of what a 
neural cell looks like, such as that shown in Fig. 8.16, but artistic schematics detract 
from the true complexity and delicate nature of what really constitutes neural tissue. 
For example, Fig. 8.16 depicts two cortical pyramidal cells identified in the rat cere-
bral cortex based on their physiological response and their appearance via electron 
microscopy. Note how small these structures are and that these views are merely 
two dimensional of a three-dimensional structure and note that the axon is but a few 
microns in thickness. Additionally, note the numerous dendritic spines and how the 
axon intertwines with the spines. Understanding this delicate balance of what gen-
erates brain parenchyma makes it easier to understand why deformation of neural 
tissue may be injurious.

As the definition implies, TBI occurs from some external force, which in turn 
must deform brain parenchyma such that a sufficient distortion of the typical shape 
of cellular tissue no longer lines up and/or connects as it should. Returning to 
Fig. 8.16, note again the complex intertwining of dendritic spines with axon seg-
ments where any misalignment would likely affect synaptic integrity. Likewise, if 
the axon membrane is disrupted, membrane permeability will directly impact neu-
ronal function and propagation of axon potentials. Only one axon segment needs to 
be affected to disrupt neural transmission for the entire axon. A variety of finite 
elements and various methods for recreating the motion that displaces brain paren-
chyma that results in concussive injury have been performed, mostly using sports 
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concussion models. For example, Viano et al. [53] showed on average in the typical 
sports-related concussion that the brain displaces between 4 and 8 mm in regions 
like the corpus callosum, midbrain, medial temporal lobe, and fornix. Viewing 
Fig. 8.16 from the perspective of this amount of deformation, noting that the photo-
micrograph depicts an axon that is about 0.1 mm in length, would reflect a massive 
distortion of neurons of this size.

Blood vessels are just as delicate as neural tissue, especially at the capillary level. 
Each neuron is dependent on receiving a continuous source of glucose and oxygen 
with the smallest capillaries large enough for just a single red blood cell to traverse the 
capillary to deliver its oxygen and glucose [47, 48]. As such, blood vessels are just as 
susceptible to the shear–strain biomechanics of head injury as are neurons [54].

 Deformation Biomechanics and the Most Vulnerable Areas 
for Brain Injury

From the above discussion, all deformation in mTBI must be viewed at the cellular 
level, but biomechanical schematics are typically presented at the whole brain level. 
Ropper and Gorson [55] provided a schematic of where the greatest deformations 
have been modeled in mTBI and this is provided in Fig.  8.17. This illustration 
clearly depicts the known frontotemporal regions for cortical surface compression, 
but also WM tracts of the upper brainstem corpus callosum and cingulum. In mTBI, 

a b c

Fig. 8.16 (Left) The schematic of a neuron shows a hypothetical neuron with what appears to be 
a bulky, sturdy axon protruding from the cell body and interfacing with other neurons. However, 
the reality is something quite different. (From Pinel [61]; used with permission). (Right) Two corti-
cal cells in a rat cortex that have been isolated. Note the micron level of the axon—it is infinitesi-
mally small. Note also how the single axon intertwines the dendrite and the dendritic spines as 
highlighted in the photomicrograph. When thinking about TBI, one must view the potential neuro-
pathological effects at this microscopic level. (From Deuchars et al. [62]; used with permission)
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as already mentioned by definition of what constitutes a TBI, the WM abnormalities 
at the brainstem level could not represent major pathology because LOC must be 
brief to meet mTBI criteria. Likewise, alteration in mental status that would result 
in prolonged posttraumatic amnesia would also disqualify someone for mTBI clas-
sification. So while subtle brainstem pathology may persist in the mTBI patient, as 
Heitger et al. [56] have shown, as well as frontotemporal pathology, as numerous 
investigators have shown, major pathologies at these levels are unlikely because if 
major pathology persisted in these regions during the acute phase, the individual 
likely would not meet criteria for mTBI. Nonetheless, the one that is depicted in 

Fig. 8.17 The mechanism of concussion is outlined in this illustration. Biomechanical investiga-
tions dating back to the beginning of the twentieth century suggest that concussion results from a 
rotational motion of the cerebral hemispheres in the anterior-posterior plane, around the fulcrum 
of the fixed-in-place upper brain stem. If the neck is restrained, concussion is difficult to produce. 
Concussions as portrayed in movies and cartoons, in which the back of the head is struck with a 
blunt object and no motion is transferred to the brain, are implausible. The modern view is that 
there is disruption of the electrophysiological and subcellular activities of the neurons of the reticu-
lar activating system that are situated in the midbrain and diencephalic region, where the maximal 
rotational forces are exerted. Alternative mechanisms for concussive LOC, such as self-limited 
cortical seizures or a sudden increase in intracranial pressure, have also been proposed, but with 
limited supporting evidence. An animated version of this figure is available with the full text of the 
article at www.nejm.org. (From Ropper and Gorson [55]; used with permission)
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Fig. 8.17 from Ropper and Gorson provides a wonderful heuristic for where likely 
changes in mTBI will be observed in neuroimaging studies.

For example, Fig. 8.18 is from a child with mTBI from a skiing accident who 
sustained an mTBI. When symptoms persisted, this child, who had a negative DOI 
CT, was scanned with MRI. The follow-up MRI revealed hemosiderin deposition in 
frontotemporal areas and anterior corpus callosum, as would be predicted from the 
schematic in Fig. 8.17. Likewise, note from Fig. 8.14 that the corpus callosum is a 
common area of DTI defined WM pathology from mTBI.

 Volumetry Findings in mTBI

As shown in Fig. 8.17, if atrophic changes associated with mTBI were to occur, they 
would most likely be found within those regions associated with the greatest likeli-
hood for shear/strain and deformation injury. Indeed, several studies that have pro-
spectively examined mTBI subjects have demonstrated this regional atrophy [3, 57, 
58]. For example, Zhou et al. [59] demonstrated that by establishing a baseline in 
mTBI patients within the acute to early subacute time frame that when assessed 
with various volumetric techniques 1  year later that significant volume loss was 
observed in the anterior cingulum, cingulate gyrus, and scattered regions within the 
frontal lobes. Interestingly, they observed volume loss in the cuneus and precuneus 
regions as well. The volume loss with the cuneus and precuneus, posterior brain 
regions, may actually be the result of Wallerian degeneration from the more focal 
frontal loss disrupting long-coursing frontoparietal connections particularly 

Fig. 8.18 This preadolescent child sustained an mTBI in a ski accident. When symptoms per-
sisted, MRI demonstrated multiple regions of hemosiderin deposition. Note the frontotemporal 
distribution and location of hemosiderin in the forceps minor region of the corpus callosum on the 
susceptibility weighted image on the right. In the three-dimensional image, the ventricle is shown 
in aquamarine to provide landmark points with the red signifying where hemosiderin was identi-
fied, and the yellow indicates the hippocampus
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vulnerable to stretching and shearing effects [3]. Sussman and da Costa [58] applied 
volumetric analyses to assess cortical morphometry in those with mTBI and con-
cluding the following: “… a single concussive episode induces measurable changes 
in brain structure manifesting as diffuse and local patterns of altered neuromor-
phometry (p. 650).”

 Conclusion

Structural neuroimaging provides a variety of methods to detect underlying neuro-
pathology that results from mTBI. The most common visible abnormalities are in 
the form of focal encephalomalacia, hemosiderin deposition, and/or WM hyperin-
tensity. A variety of quantitative MRI methods have demonstrated techniques for 
the detection of underlying pathology associated with mTBI, which differ depend-
ing on the time postinjury that the scan is performed.
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Advanced Neuroimaging of Mild 
Traumatic Brain Injury

Zhifeng Kou and E. Mark Haacke

 Introduction

Traumatic brain injury (TBI) affects 1.7 million Americans each year [1–3] and 
most of them are considered mild TBI (mTBI) [4]. In fact, over 1.2 million 
Americans suffer from an mTBI annually, making it a major public healthcare bur-
den that has been overlooked for decades [1, 2]. Despite its name, the impact of 
mTBI to the patients and their family is not mild at all [4]. A significant percentage 
of mTBI patients may develop a constellation of physical, cognitive, and emotional 
symptoms, collectively known as post-concussive syndrome (PCS), that signifi-
cantly impact the quality of their lives. The direct cost of mTBI in the United States 
is approximately $16.7 billion each year and this does not include the indirect costs 
to society and families [4–6].

The major causes of TBI are motor vehicle crash (MVC) accidents, falls, assaults, 
and participation in sport. MVC has been thought as the major contributor to diffuse 
axonal injury (DAI) or traumatic axonal injury (TAI), which is more devastating 
than focal injury and tends to result in long-term neurocognitive sequelae in patients 
[7]. Among the 1.7 million TBI patients each year, over 1.2 million (70%) of them 
visit the emergency department for treatment, and among them, mTBI accounts for 
over one million of those emergency visits [8]. Meanwhile, most mTBI patients stay 
in the emergency department for a few hours and then are discharged home due to 
their negative computed tomography (CT) findings. Therefore, an emergency 
department could be a major battlefield in mTBI detection and outcome prediction.
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Up to 50% of mTBI patients develop persistent neurocognitive symptoms that 
last about up to 3 months, and 5–15% of mTBI patients develop symptoms that last 
about 1 year [8, 9]. Meanwhile, among the 1.8 million American troops who have 
served in Iraq and Afghanistan, it is estimated that at least 20% of returning troops 
have suffered at least one mTBI. This means up to 360,000 veterans may have brain 
injuries after discharge [10]. However, most symptomatic mTBI patients have nor-
mal anatomical findings on clinical CT and conventional magnetic resonance imag-
ing (MRI) [11, 12]. In addition to neuroimaging, clinical indices of severity, such as 
the Glasgow Coma Scale (GCS) and duration of posttraumatic amnesia (PTA), are 
lacking sensitivity in mTBI and are not useful in predicting outcome [13]. In sum-
mary, using currently available clinical instruments is difficult to determine which 
mTBI patients will have prolonged or even permanent neurocognitive symptoms.

It has been recognized that mTBI is not a single disease; mTBI has a full spec-
trum of pathophysiologic conditions. After the initial biomechanical insult to neu-
rons, axons, glia, and the neural vascular system, the brain will undergo a complicated 
biochemical process, called secondary injury. As a result, the brain may manifest 
disturbed cerebral blood flow and metabolism, intracranial hemorrhage, edema, and 
even elevated intracranial pressure, as part of the cascade. Over time, the injured 
axons may suffer Wallerian degeneration or neurons may suffer cell loss, mani-
fested as brain atrophy. There is no single “silver bullet” which could capture the 
full spectrum of injury. However, with both hardware advances and pulse sequence 
design advances, newer MRI methods have demonstrated the ability to detect and 
localize, with high resolution, several of the pathologic and pathophysiologic con-
sequences of mTBI.  These advanced MR technologies include susceptibility- 
weighted imaging (SWI) for hemorrhage detection [14]; MR spectroscopy (MRS) 
for metabolite measurement [15]; diffusion-weighted and diffusion tensor imaging 
(DWI/DTI) for edema quantification [16] and axonal injury detection [17]; 
perfusion- weighted imaging (PWI) and arterial spin labeling (ASL) to measure 
blood flow to brain tissue [18]; and functional MRI (fMRI) which measures changes 
in blood oxygen level locally in response to neuronal activity [19]. Having a set of 
imaging biomarkers, all of which are obtained in a single scanning session (or mul-
tiple for longitudinal study), and are sensitive to different consequence of traumatic 
injury, offers great advantages: (1) enhanced sensitivity, (2) ability to study inter-
relationships among these biomarkers and between the biomarkers and clinical/neu-
rocognitive deficits, (3) improved clinical management resulting from more precise 
characterization of injuries, and (4) enhanced power of clinical interventional stud-
ies. In this chapter, we will focus on neuroimaging of traumatic vascular and axonal 
injury of mild TBI by using two advanced MRI techniques.

 Imaging Traumatic Vascular Injury

DAI or TAI has been reported as an important pathology in mTBI. To date, limited 
data exist on neural vascular injury after trauma despite the fact that the neural vas-
cular system is tightly meshed into the neuronal, glial cell, and white matter tracts. 
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Despite the fact that only a small percentage of patients have microhemorrhages in 
mTBI, the vascular system is certainly not immune to injury during an insult to 
neurons and/or axons.

Depending on the magnitude of insult, traumatic vascular injury (TVI) may man-
ifest itself at different levels. During a relatively lighter impact, the tight junction of 
endothelia cells may undergo direct stretch and temporal opening that results in a 
leaky blood-brain barrier (BBB) [20–22]. As a consequence, red blood cells (RBCs) 
will leak into extravascular space [23], and other central nervous system (CNS)-
specific proteins will get into the blood stream, which makes serum-based biomark-
ers detectable as well [24]. At this stage, however, the injury may not be visible on 
routine structural MRI scanning. When the biomechanical load at the regional level 
gets more severe, the damaged vascular system may suffer dysregulated cerebral 
blood flow, or even thrombosis, which manifests as reduced blood oxygenation in 
the venous system. It will manifest as prominent veins with higher contrast than 
regular veins on SWI images. If the vascular damage is more significant to cause 
direct rupture of the vessel wall, it will cause a hemorrhagic bleeding at the local 
level that is visible on routine MRI and CT scans, if the size or volume is big enough.

 Susceptibility-Weighted Imaging of Hemorrhagic Lesions

In diagnostic radiology, intracranial hemorrhage has been sought as a biomarker of 
mTBI. The confirmation of bleeding in mTBI will automatically categorize a patient 
into “complicated mild TBI,” whose outcome tends to be worse than those without 
any intracranial bleeding of mTBI and even close to moderate TBI [25]. A most 
recent study of 135 mTBI patients, scanned at 12 days after injury, demonstrated 
that one or more brain contusions on structural MRI and ≥4 foci of hemorrhagic 
axonal injury on MRI were each independently associated with poorer 3-month 
outcomes [26]. Some investigators have suggested that the presence of hemorrhage 
in DAI is predictive of poor outcome in moderate to severe TBI as well [27]. SWI 
was developed by Haacke et al. [28] as a high-resolution venography method and 
has been used to evaluate moderate to severe TBI patients since 2003 in work by 
Tong et al. [14]. Tong and colleagues have shown that SWI is three to six times more 
sensitive than conventional T2* gradient echo imaging (GRE) for detecting sus-
pected DAI lesions in children [14, 29]. SWI has been shown to detect tiny hemor-
rhages that may be the only abnormal finding that can confirm the presence of brain 
injury and change clinical management of the patient. In addition, lesion number 
and volume identified by SWI are negatively associated with the patients’ outcome 
[29] and neuropsychological functions [30] in moderate to severe TBI patients.

After brain injury, the hemorrhagic bleed may undergo a temporal transforma-
tion: from oxyhemoglobin to de-oxyhemoglobin in the acute stage, from intra- to 
extracellular methemoglobin in the subacute stage, and finally to hemosiderin in the 
chronic stage [31–33]. SWI is sensitive to deoxyhemoglobin in the acute stage as 
well as extracellular methemoglobin in the subacute stage and hemosiderin in the 
chronic stage [31].
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Therefore, positive results on SWI could provide a biomarker for hemorrhagic 
brain injury at any stage. However, very few studies have been reported regarding 
the possible role of SWI as a tool for improving detection of microhemorrhages and 
its use in predictive value of a patient’s outcome after mTBI. Unlike DTI, which 
requires complex post-processing and comparison with proper control subjects, 
SWI is readily available for radiological reading right after completion of MRI 
scans. This makes SWI more likely to have a direct impact on radiological diagno-
sis. In fact, many medical centers have already begun to use SWI as a prime sequence 
for the detection of intracranial hemorrhages in clinical radiology. Figure 9.1 dem-
onstrates an exemplary case to show SWI detection of brain hemorrhages in mTBI 
in the acute stage in comparison with the usual clinical T2* GRE.

 Quantitative Susceptibility Mapping of Bleeding 
and Blood Oxygenation

Despite its improved sensitivity in the detection of microhemorrhages, SWI is still a 
qualitative, rather than quantitative, approach. Theoretically, blood product at differ-
ent stages, from deoxyhemoglobin, to extracellular methemoglobin and then hemo-
siderin, has different susceptibilities. As a natural extension, susceptibility-weighted 

Fig. 9.1 Comparison of T2* with SWI in the detection of hemorrhagic lesions. A 45-year-old man 
fell down from a staircase and then visited ER with a severe headache. Both T2* GRE and SWI 
detected hemorrhages on the right side of inferior temporal lobe. However, in a small area with 
mixed blood and edema signal, T2* GRE only detected edema (bright signal) and SWI detected 
hemorrhage (dark signal) (see arrow), which suggests methemoglobin at the acute stage
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imaging and mapping (SWIM), also called quantitative susceptibility mapping 
(QSM), is the next generation of SWI development, which could quantify the sus-
ceptibility values of blood products. Ideally SWIM/QSM could have the following 
potential usage in mTBI:

 (a) Differentiating new from old hemorrhage. Fresh blood at the acute stage of 
injury with deoxyhemoglobin has relatively low susceptibility, subacute blood 
with extracellular methemoglobin has relatively higher susceptibility, and 
chronic blood with hemosiderin has the highest susceptibility. Therefore, the 
susceptibility signal intensity will be able to differentiate the stage of the 
bleeding.

 (b) Improving detection of microhemorrhages. One difficulty in clinical radiology 
is to differentiate microbleeds from veins, especially at the cortical surface, 
where the brain is enriched with a venous structure and therefore prone to 
bleeding. A cross section of a cortical vein or pial vein could be easily misinter-
preted as a microhemorrhage, and a microhemorrhage buried in the surround-
ing venous structure could be easily overlooked as a vein. By using minimal 
intensity projection (mIP), the dark venous signal on adjacent slices can be 
projected onto one slice to see the continuity of the venous structure. Even so, 
a radiologist still needs to navigate through several slides to check the morphol-
ogy, including the continuity of the black dots and smoothness of a potential 
vessel wall, to verify whether it is a vein or bleed. With the addition of SWIM, 
chronic bleeds (hemosiderin) have a much higher susceptibility than the sur-
rounding veins. The high signal intensity would easily distinguish itself from 
the veins (see Fig. 9.2 for a chronic bleeding case).

Fig. 9.2 Quantitative susceptibility mapping of chronic bleeding after mTBI. A chronic mTBI 
case with a microbleed embedded into surrounding pial vein on cortical surface. SWI phase image 
demonstrates that its shape more looks like a pial vein. SWIM signal demonstrates very high sus-
ceptibility value (2200 ppm), which is much higher than a normal vein (usually around 200, no 
more than 250), suggesting chronic bleeding in the form of hemosiderin instead of venous structure
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Another challenge in clinical radiology is to differentiate hemorrhage from 
calcification. Empirically, calcification tends to happen in a symmetrical man-
ner in the basal ganglia and choroid plexus in the lateral ventricles. However, it 
could be misinterpreted as a bleed if it is in the brain parenchyma because both 
calcification and hemorrhage have low signal on SWI images. From a physics 
point of view, hemorrhage and calcification have opposite susceptibility behav-
iors: hemorrhage is paramagnetic and shows high signal on SWIM images in 
contrast with the low signal of calcification, which is diamagnetic. With SWIM, 
they can be easily differentiated [34].

 (c) Quantifying blood oxygenation. After injury, the damaged cerebral vascular 
structure may present with reduced cerebral blood flow, venous stenosis or even 
venous thrombosis. Both animal data and recently reported clinical data iden-
tify venous thrombosis after TBI [35]. There is even an ongoing clinical trial for 
venous thrombolysis after TBI [35]. Reduced blood oxygenation or thrombosis 
will manifest itself as an increased susceptibility signal on SWIM images. As a 
result, we have developed SWIM technique to quantify susceptibility value as a 
means to estimate blood oxygenation in major veins [36]. With SWIM, research-
ers could quantify the degree and extent of venous blood oxygenation. See 
Fig. 9.3 as an example to show quantitative susceptibility signal of a transmed-
ullary vein after blast induced TBI.

 (d) Quantify disease progression or treatment effect. The availability of quantita-
tive signal would allow researchers to track the progression of blood product 
over time, which could be a biomarker for disease progression. This could be 

Fig. 9.3 Decreased venous blood oxygenation in septal vein after blast-induced TBI. SWI image 
(left) shows abnormal signal on left anterior septal vein but short of quantitation. SWIM (right) 
shows the decreased blood oxygenation on the vein with signal intensity linearly proportional to 
the concentration of deoxyhemoglobin
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very useful for bleeding and re-bleeding cases. Chronically, the hemosiderin 
deposit after hemorrhage may stay in the brain tissue for a long time and become 
toxic to the brain by inducing edema [37] or hydrocephalus [38, 39]. Iron chela-
tion drug treatment could be a treatment to remove these iron deposits and is 
being reported in correlation with outcome improvement in animal models of 
intracerebral hemorrhage [40, 41]. The availability of SWIM will certainly pro-
vide a means for in vivo assessment of iron chelation treatment.

In summary, there is still a need to further investigate the traumatic vascular 
injury in a large number of mTBI patients by using SWI/SWIM and these sequences 
may represent a promising direction for mTBI research in the coming years.

 Diffusion Tensor Imaging (DTI) of Axonal Injury

Diffusion imaging sequences are sensitive primarily to traumatic axonal injury 
(TAI) and secondarily to stretch and shear forces. DTI measures the bulk motion of 
water molecular diffusion in biological tissues. It is most useful when tissues are 
anisotropic, that is, when diffusion is not equivalent in all directions, such as in 
skeletal muscle or axons in the white matter of the central nervous system. 
Histological correlates have validated DTI’s sensitivity to brain injury for both focal 
[42] and diffuse axonal injury [43] models. The apparent diffusion coefficient 
(ADC) and fractional anisotropy (FA) [44, 45] are two parameters derived from DTI 
that have been extensively studied in TBI. ADC is an estimate of the average mag-
nitude of water movement in a voxel (regardless of direction), while FA is an index 
of the directional non-uniformity, or anisotropy, of water diffusion within a voxel.

FA has been used to detect alterations in directional diffusion resulting from tis-
sue damage. FA in white matter is highest when fibers are long (relative to voxel 
dimension) and oriented uniformly (collinear) within a voxel and lowest when fibers 
are not collinear (e.g., “crossing fibers”) or have been damaged. When axons are 
injured, as in acceleration/deceleration injuries (such as MVCs), diffusion anisot-
ropy typically decreases. Loss of diffusion anisotropy is the result of a number of 
axonal changes after injury including the following: (1) increased permeability of 
the axonal membrane; (2) swelling of axons; (3) decreased diffusion in the axial 
(long axis) direction; and (4) degeneration and loss of axons in the chronic stage. In 
general, any pathological alteration of white matter fibers will result in FA decrease, 
since one or more of these axonal changes occurs in disorders of white matter. Not 
surprisingly, most clinical studies of moderate and severe TBI have shown FA to be 
more sensitive than ADC to traumatic injury. On the other hand, ADC, FA, and 
directionally selective diffusivities (principal, intermediate, and minor components 
of diffusion) can help to better characterize brain injury pathologies. Trace and 
mean diffusivity are two other measurements similar to ADC and vary similarly. 
Changes in FA in association with ADC changes can differentiate the type of edema. 
For example, in the acute stage, decreased FA in association with increased ADC 
suggests vasogenic edema, while increased FA in association with decreased ADC 
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suggests cytotoxic edema. Decreased FA in association with decreased ADC and 
decreased longitudinal (parallel to the long axis of the axons) water diffusivity sug-
gests axonal transport failure as occurs in degenerative neurological diseases 
like ALS.

Regarding the location of brain lesions detected by DTI, Niogi et al. [46] sum-
marized that the frontal association pathways, including anterior corona radiata, 
uncinate fasciculus, superior longitudinal fasciculus, and genu of corpus callosum 
(CC), are the mostly frequently injured WM structures in mTBI patients. Single 
subject results were not reported, but it can be assumed that significant inter- 
individual variability for location and extent of WM injury exists due to varying 
injury mechanisms (and forces) and biological (neural and non-neural) differences 
across patients.

 Imaging at Different Pathological Stages

Interestingly, despite the higher incidence of milder TBI compared with more severe 
TBI in western countries, there are much fewer mTBI imaging studies reported in 
the literature. One reason is the fact that recruitment of mTBI patients is more dif-
ficult, since they are typically outpatients. Another reason is the common concep-
tion that mTBI is a transient functional disorder from which virtually all who are 
afflicted will recover fully and spontaneously. Therefore, some question the clinical 
importance of studying mTBI. Certainly, insurance reimbursement for MRI scan-
ning of mTBI is rare, and even rarer in the acute setting, so that “adding on research 
sequences” is not feasible and/or realistic.

With these limitations in mind, a growing literature on DTI in mTBI has begun 
to address the DTI findings at different stages (See Fig. 9.4 as an example of axonal 
injury).

Acute stage: There are conflicting findings for FA and ADC reported in 
mTBI. Chu et al. [47] and Wilde et al. [48, 49] from Baylor College of Medicine 
scanned 10–12 adolescents with mTBI within 6  days of injury and reported 
increased FA, reduced ADC and reduced radial (short axis) diffusivity in WM 
regions and the left thalamus. Similarly, Bazarian et  al. [50] studied six mTBI 
patients within 72 h and reported increased FA in the posterior CC and reduced 
ADC in the anterior limb of the internal capsule (IC). Similar to Chu et al. [47] 
and Wilde et  al. [48, 49], Mayer et  al. [51] studied 22 mTBI patients within 
12 days of injury and reported FA increase and reduced radial diffusivity in the 
CC and left hemisphere tracts. 

Inglese et al. [52], in contrast to Chu et al. [47], Wilde et al. [48, 49], Bazarian et al. 
[50] and Mayer et al. [51], found reduced FA in the splenium of CC and posterior 
limb of IC in 20 mTBI patients imaged up to 10 days after injury (mean = 4 days). 
Manually drawn regions of interest were used to assess the genu and splenium of the 
CC, the centrum semiovale and the posterior limb IC bilaterally. In the same line as 
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Inglese et al., Arfanakis and colleagues [53] studied a handful of mTBI patients at 
the acute stage and reported FA decrease in major WM tracts. 

Most recent data on sports-related injury further reported that DTI FA changes 
could be bidirectional, which means the coexistence of both increased and decreased 
FA in different locations of the same brain [54]. Kou et al. also demonstrated this 
bidirectional change of FA in mTBI patients in the acute setting (within 24 h after 
injury) [55].

Subacute stage: Most studies reported reduced FA and/or increased diffusivity, 
that is, ADC, trace or mean diffusivity (MD), at this stage. Messe et al. [56] studied 
23 mTBI at the subacute stage and found significantly increased MD in mTBI 
patients with poor outcome [56]. The authors did not find significant changes of FA 
values. Lipton et al. [57] scanned 20 mTBI patients in the subacute stage and dem-
onstrated reduced FA and increased MD in frontal subcortical WM. Miles et al. [58] 
studied 17 acute and subacute mTBI patients and found reduced FA and increased 
MD. All of these studies at the subacute stage reported a similar profile of DTI mea-
sures except for different locations of injury.

Chronic stage: Three studies report either reduced FA or increased diffusivity or 
both and one study reported increased FA at this stage. Cubon et al. [59] studied 10 
collegiate athletes with concussion at the chronic stage and found MD increases in 
left WM tracts, internal capsule, and thalamic acoustic radiations. Lo et al. studied 
10 mTBI patients and reported reduced FA and increased ADC in the left genu of 
the CC and increased FA in internal capsule bilaterally [60]. Niogi et al. [61] studied 

Fig. 9.4 DTI analysis of an mTBI patient scanned on the day of injury (5.5 h after injury) and 
6 weeks later. A 31-year-old male fell 10 ft. off a ladder striking the back of his head with brief loss 
of consciousness and confusion. The patient developed persistent mild cognitive symptoms after 
6 weeks of injury. Note the same location of reduced FA in left corona radiata. Global WM FA 
mean was within normal

9 Advanced Neuroimaging of Mild Traumatic Brain Injury



182

43 chronic mTBI and reported reduced FA in a large number of WM tracts. In con-
trast, Lipton et al. [62] reported bidirectional changes (both increases and decreases) 
of FA in chronic mTBI patients.

All DTI studies of moderate to severe TBI patients [17, 63–65] and most subacute/
chronic mTBI patients [52, 61, 66–68] report FA decreases which are correlated 
with clinical or neuropsychological measures. However, there are seemingly contra-
dictory findings in mild TBI in the acute stage (within 1 week after injury) in the 
literature: Inglese [52] and Arfanakis [53] both reported FA decreases, while Wilde 
[49] and Bazarian [50] reported FA increases and decreased radial diffusivity. 

It has been suggested that in the acute phase decreased FA may reflect vasogenic 
edema. In contrast, increased FA acutely may reflect cytotoxic edema [49], which 
would shunt extracellular fluid into swollen cells. This could have the effect of 
reducing inter-axonal free water and therefore increasing anisotropy. The bidirec-
tional changes of FA in recent studies further suggest the coexistence of both types 
of edema, and therefore, clinical data could be much more complicated than we 
thought [54, 55].

Longitudinal studies: Only a few studies have followed FA over time in the same 
patients. Sidaros et al. [69] studied 23 severe TBI patients at 8 weeks and again at 
12 months and found that partial recovery of initially depressed FA values in the 
internal capsule and centrum semiovale predicted a favorable outcome. Kumar et al. 
[70] studied 16 moderate to severe TBI patients at 2 weeks or less, 6 months, and 
2 years and found persistently reduced FA except in the genu of the corpus callosum 
where there was partial normalization by 2 years. Recently, two studies by Mayer 
et al. [51] and Rutgers et al. [67] reported that FA may partially normalize, reflect-
ing recovery from injury. This evidence suggests that a systematic investigation of a 
large number of mTBI patients at acute, subacute, and chronic stages is warranted 
to reveal the evolution of pathophysiology of mTBI.

 Correlation Between DTI-Derived WM Injury Topography 
and Neuropsychological Deficits

Mild TBI patients often develop a constellation of physical, cognitive, and emo-
tional symptoms after injury that can manifest, and change, over their injury. In 
terms of neurocognitive symptoms, there are four key domains implicated in chronic 
neuropsychological impairment after mTBI. These domains include the following: 
(1) higher order attention, (2) executive function, (3) episodic memory, and (4) 
speed of information processing. To date, several studies have demonstrated typical 
mTBI cognitive profiles and association with DTI findings. Niogi et al. summarized 
the topographic and neurocognitive deficits [46]. Kou et al. gave a systemic review 
of susceptible WM tracts due to injury and their related functional and cognitive 
deficits in patients, based on the reported findings [71].
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Damage to the frontal WM has been reported to be associated with impaired 
executive function. Lipton et  al. [57] studied 20 acute to subacute patients and 
reported that reduced FA in WM of dorsolateral prefrontal cortex (DLPRC) is cor-
related with worse executive function. Frontal WM injury is also associated with 
attention deficits. Niogi et  al. [72] reported that reduced FA in the left anterior 
corona radiata is correlated with attention control problems in chronic mTBI 
patients. Injury at the temporal WM tracts or cingulum bundle may cause memory 
problems. Niogi et al. reported that reduced FA in uncinate fasciculus correlated 
with memory tasks performance [72]. Furthermore, Wu et  al. [48] reported that 
reduced FA measures of left cingulum bundle correlated with delayed recall.

Injury of the callosal fibers has been reported to be associated with PCS scores. 
Wilde et al. [49] studied 10 adolescent mTBI patients in the acute stage and reported 
that increased FA and decreased ADC and MD in the corpus callosum were corre-
lated with patients’ PCS scores. Bazarian et al. [50] studied six mild TBI patients in 
the acute stage and reported that a lower mean trace in the left anterior IC and a 
higher FA in the posterior CC correlated with patients’ 72 h PCS score and visual 
motor speed and impulse control.

The overall burden, or extent, of WM injury is associated with both speed of 
information processing and overall functional outcome. Niogi et al. [61] studied 34 
subacute to chronic mTBI patients and reported that FA decreased in several WM 
regions, including anterior corona radiata, uncinate fasciculus, CC genu, and cingu-
lum bundle. Furthermore, the number of damaged WM regions correlated with 
patient’s reaction time. Miles et al. [58] studied 17 mTBI patients at the acute stage 
and followed them up to 6 months after injury. They reported that, in the acute stage, 
the increased mean diffusivity (MD) in the central semiovale, the genu and sple-
nium of CC, and the posterior limb of IC correlated with a patient’s response speed 
at 6 months after injury. Regarding the overall outcome, Messe et al. [56] divided 
mTBI patients into two outcome groups: poor outcome (PO) versus good outcome 
(GO). PO patients showed significantly higher mean diffusivity (MD) values than 
both controls and GO patients in the corpus callosum, the right anterior thalamic 
radiations, the superior longitudinal fasciculus, the inferior longitudinal fasciculus, 
and the fronto-occipital fasciculus bilaterally.

Interestingly, injury or reduced blood supply in the thalamus, which is the relay 
station of neuronal pathways, may cause a constellation of symptoms affecting the 
speed of information processing, verbal memory, and executive function. Grossman 
et  al. studied 22 subacute to chronic mTBI patients by using diffusion kurtosis 
imaging, which is a more advanced form of diffusion analysis, and demonstrated 
that overall cognitive impairment is associated with the diffusion measurement in 
the thalamus and internal capsule [73]. This work is along the same line of a perfu-
sion study by the same group, which demonstrated that reduced blood flow in the 
thalamus correlated with patient’s overall neurocognitive function [74].

In summary, significant progress has been made by researchers in recent years 
regarding the prognostic value of DTI in the form of FA for mTBI patients’ neuro-
cognitive outcome. However, more recent evidence suggests that tensor model may 
not be the ideal approach to the complicated pathophysiological process in 
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TBI. Particularly, despite its high sensitivity, DTI suffers low specificity to trauma. 
Numerous medical reasons could cause water diffusivity changes and lead to 
changed FA including neurodegenerative diseases, stroke, cancer, multiple sclero-
sis, hypertension, and diabetes, to name a few. Any pre-existing conditions in the 
brain could affect the diffusivity and FA changes. Conflicting data on FA changes at 
the acute stage suggest that the field needs a better approach to characterizing the 
injury pathology than the current DTI model. This approach should be more specific 
to a TBI pathological process and could be used to evaluate the neural basis of 
patients’ injury to recovery process in longitudinal studies over a large number of 
patients.

 Connectomic Assessment of mTBI

With advancement of neuroscience research, largely stimulated by advanced bio-
medical imaging, the neuroscience community recognized that the brain works by 
a concerted effort of functional networks, particularly on a large scale. Though the 
white matter fibers provide physical infrastructure of these functional networks, 
the study of brain structure itself alone is not enough to explain the puzzle the com-
munity face. Researchers have to study the brain from a network perspective, par-
ticularly in large-scale brain networks or connectome, for the assessment of both 
structural and functional networks. As a result, the connectome approach to brain 
injury draws new interest of the field [75]. Based on this concept, the brain consists 
of many small networks, both structurally and functionally, working together to 
perform daily functions. Due to the fine granularity of these small networks, one 
key aspect is the choice of seed region or regional of interest (ROI) for each small 
network. Due to individual variation, it will be a challenge to choose group-wise 
consistent and individual-specific ROIs in large network analysis. A slight varia-
tion of a small ROI may migrate to other networks. Based on the connectional 
finger print concept in neuroscience [76], the same brain networks across individu-
als should also share similar structural connectivity in support of their functional 
connectivity. Therefore, their fiber tracts should be very similar. As a result, the 
seed region of a network in an individual subject may slightly different from oth-
ers; however, the individual’s fiber connectivity or fiber tract shape should be very 
similar to the group. By using this concept, Iraji et al. investigated a cohort of 40 
mTBI patients at the acute stage of injury in comparison with 50 healthy controls 
[75]. By using a framework of a network atlas with 358 networks, Iraji et al. identi-
fied 41 networks that show significant group difference. By using these 41 ROIs to 
do fiber tractography, we can see a sharp difference between controls and patients. 
Because these ROIs are widely spread over the brain, using these 41 ROIs in con-
trols would be able to track the whole brain white matter fibers. In contrast, these 
ROIs in patients cannot track the whole brain fibers because they are not well con-
nected to the rest of the brain network (see Fig.  9.5). By further using the 317 
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common ROIs that do not show structural disruption as functional network nodes, 
we can also see 60 out of 385 functional connectivities as the most distinctive and 
discriminative between groups (see Fig. 9.6). This further confirms the communi-
ty’s belief that the network alterations after mTBI are far more complex than we 
initially thought.

One challenge associated with connectomic assessment of brain networks is its 
neurocognitive or neuropsychological correlations. Questions remaining to be 
answered include what brain networks or network aspects account for subjects’ 
neurocognitive or neuropsychological deficits or post concussive syndrome? and 
what brain networks suffer physical damage and what brain networks try to com-
pensate and how they are related with patients’ functional performance?

a

b

Fig. 9.5 Comparison of white matter fiber tractography between a randomly selected patient and 
control by using the 41 seed regions that show group difference in network connectivity. Fiber 
tractography by using these 41 regions in a control (panel a) can track the whole brain fibers as 
these 41 networks are well connected with other brain networks across the whole brain. However, 
fiber tractography using these 41 regions in a patient brain (panel b) can only show very sparse 
connectivity as the 41 brain networks defined by these seed regions already demonstrated group 
difference and are not well connected with other networks
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 Deliver the Impact to mTBI Care

Despite the fact that the emergency department (ED) sees the majority of mTBI 
patients [77], most of them stay in the ED for only a few hours and then are dis-
charged home. After that, most patients fail to be followed up. The acute stage, 
within 24 h after injury, is the critical time point for imaging to deliver a real impact 
to medicine [78]. Either an improved detection or outcome prediction will greatly 
help emergency physicians to better determine referral pattern or management plans 
for the patient and family.

However, most mTBI patients at the acute stage do not get an MRI scan due to 
the high cost and improper imaging techniques. Furthermore, to date, very few 
imaging studies are designed to target this critical time point. There is an urgent 
need for a comprehensive use of advanced MRI techniques to evaluate patients 
across all stages of injury. In the future, the availability of MR magnets in EDs 
and reduced costs for MRI scanning will make acute stage imaging possible. 
However, to determine who will need an MRI scan in ED is another important 
research question to be addressed. One avenue of this has been the use of serum 
blood biomarkers. Kou et al. was the first one reporting a complementary use of 
both MRI and blood biomarkers [79]. Their study pilot data suggest that mTBI 
patients with intracranial hemorrhage on SWI have significantly higher glial 
fibrillary acidic protein (GFAP) levels than those without hemorrhage. This 
implies that GFAP could serve as a screening tool for intracranial hemorrhage 
(see Fig. 9.7 as an example). The interaction of imaging and blood biomarker data 

Fig. 9.6 Group differences in functional connectivity. The red bubbles are seed regions that show 
group difference between structural connectivity. The blue bubbles are seed regions that show 
group difference between functional connectivity. The green bubbles are seed regions that do not 
show either structural or functional difference between groups. This demonstrates that a network 
without structural damage can still have functional alterations
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might represent an important future direction for mTBI clinical diagnosis and 
additional information about the utilization of blood biomarkers can be found in 
this textbook.

Conclusions

MRI has demonstrated superior capabilities over CT in the detection of subtle 
changes in the brain after mTBI. As an advanced MRI technique, diffusion tensor 
imaging can detect white matter abnormalities that are overlooked in structural MRI 
and further correlate it with the patients’ specific domain of neuropsychological 
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Fig. 9.7 MRI and biomarker profile in a patient with intraventricular hemorrhage missed by 
CT. Panels (a) and (b) are SWI images at different locations of the brain showing intra-ventricular 
blood and left lingual gyrus blood product (see arrows); panel (c) FLAIR image showing nonspe-
cific white matter hyperintensities (see arrows); panel (d) DTI FA map showing the coexistence of 
voxels with increased and decreased FA measures (red color means FA decrease and blue color FA 
increase in comparison with controls, t > 3 for t-test); panel (e) blood biomarker temporal profile, 
exhibiting extraordinarily high GFAP levels over time in comparison with controls (median 0.004, 
interquartile range 0.004–0.015). Despite being missed by CT, the patient’s case was still detected 
by both blood biomarker and MRI
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symptoms. In conjunction with functional MRI, it can reveal the connectome brain 
networks on a large scale after brain injury. Susceptibility-weighted imaging and 
mapping can improve the detection and quantification of traumatic hemorrhage and 
blood oxygenation after vascular injury. In the future, these advanced MRI tech-
niques should be used in a comprehensive way in a large cohort of patients to pro-
vide a panoramic view of brain pathologies. MRI investigations during the acute 
stage, within 24 h after injury, will most likely impact emergency medicine, which 
is at the forefront of mTBI care. Assessment of large brain networks or brain con-
nectome holds promise of the brain complexity investigation. Furthermore, the use 
of serum biomarkers may help identify TBI patients who need advanced MRI imag-
ing in the acute setting in order to prognosticate evolution of injury.
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 Introduction

Traumatic brain injury (TBI) has been referred to as a “silent epidemic” [1, 2]. The 
overall incidence of TBI, independent of cause and severity, was recently calculated 
to account for up to more than 900 cases per 100,000 people globally (95% CI: 
874–1005). Thus, an estimated 69 million (95% CI: 64.2–73.8 million) people suf-
fer a TBI each year worldwide [3].

According to the classic Glasgow Coma Scale (GCS) classification, the “mild” 
form of TBI (mTBI) represents the vast majority of cases, totaling almost 56 million 
cases per year. Recent systematic reviews acknowledged that the sports contexts are 

S. Signoretti 
Division of Emergency-Urgency, UOC of Neurosurgery, S. Eugenio Hospital, Rome, Italy
e-mail: stefano.signoretti@aslroma2.it 

F. S. Pastore · R. Vagnozzi 
Institute of Neurosurgery, Department of System’s Medicine, University of Rome Tor 
Vergata, Rome, Italy
e-mail: pastore@uniroma2.it; vagnozzi@uniroma2.it 

B. Tavazzi (*) 
Department of Basic Biotechnological Sciences, Intensive and Perioperative Clinics, Section 
of Biochemistry, Catholic University of Rome, Rome, Italy 

Fondazione Policlinico Universitario Agostino Gemelli IRCCS, Rome, Italy
e-mail: barbara.tavazzi@unicatt.it 

G. Lazzarino (*) 
Department of Biomedical and Biotechnological Sciences, Division of Medical Biochemistry, 
University of Catania, Catania, Italy
e-mail: lazzarig@unict.it

Stefano Signoretti and Francesco Saverio Pastore contributed equally with all other contributors.

10

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-75564-5_10&domain=pdf
https://doi.org/10.1007/978-3-030-75564-5_10#DOI
mailto:stefano.signoretti@aslroma2.it
mailto:pastore@uniroma2.it
mailto:vagnozzi@uniroma2.it
mailto:barbara.tavazzi@unicatt.it
mailto:lazzarig@unict.it


194

accountable for up to one-third of all TBIs (1.5–30.3%) [4] and are so frequent as 
an etiologic factor that they generated a distinct subset, namely, sports-related (SR) 
TBI. Due to the lack of specific data, classification of SR-TBI ranges widely. Some 
authors reported that 97.6% of SR-TBIs are encompassed in the mild category 
while other studies divided them according to a different distribution such as: 67.3% 
of mild, 25% of moderate, and 7.7% of severe TBI [4, 5].

Whatever the statistics are it is then unquestionable that, among the many bene-
fits of participating in sports and recreational activities, a substantial risk of experi-
encing TBI is present, although preponderantly of the “mild” type. Mildness, 
however, lacks biological specificity or predictive validity, just indicating a subjec-
tive state of illness. In the case of brain functions, this gives raise to unspecific, 
poorly defined, difficult to objectively quantify, and slightly altered (or non-altered 
at all) levels of consciousness that provide no insights into the actual post-injury 
brain cell dysfunction. In any emergency department, during hectic everyday prac-
tice, the label “mild” still represents the less severe end of the brain injury spectrum 
and typically reflects no neurosurgical and/or neuro-intensivist significance [6–8].

Mixed into the vast world of SR-TBI lies the “concussion,” ultimately labeled 
sports-related concussion (SRC). Independently of the causes producing the impact, 
all concussions fall, undoubtedly, and by definition, within the category of mTBI 
[9]. Certainly, most symptoms recover spontaneously in the initial days and weeks 
following trauma, but not in every case. Compelling evidence exists that a substan-
tial number of people (reported with percentage peaks up to 15%) [10, 11]) experi-
encing SRC continue suffering chronic symptoms, including cognitive deficits and 
balance difficulties, headaches, emotional disturbances, and sleep difficulties. In 
some cases, longer-term disorders might occur, particularly in those players experi-
encing multiple SRC [12, 13], uncovering the presence of a further subcohort of 
patients, suffering persistent psychiatric and severe cognitive dysfunction.

According to a PubMed inquiry (obtained by typing “concussion” as the key-
word, at the beginning of May 2020), more than 12,300 papers have been published 
during the last decade, including 1609 reviews and 259 clinical trials. By querying 
“Sports-Related Concussion,” 2216 articles were found, including 461 reviews and 
43 clinical trials. These numbers indicate fervent research activity, peculiarly paral-
leled by an urgent need to constantly review the “state of science,” revealing scat-
tered lines of research, and continuous introduction of new classifications and 
management protocols, mostly based on retrospective data, frustrating the definition 
of rigid inclusion criteria to be used in clinical trials.

A periodic attempt to summarize the current state of knowledge has been made 
by the Concussion in Sport Study Group, who recently published the sixth consen-
sus statement, following the Berlin 2017 conference meeting, the last of a series 
initiated in Wien in 2001 [14, 15]. The main announcement of the latest document, 
however, appears weak, stating that: “although agreement exists on the principal 
messages delivered, the authors acknowledge that the science of concussion is 
incomplete and therefore management and return-to-play decisions lie largely in 
the realm of clinical judgment on an individualized basis.” The 2018 conclusion is 
very similar to that written after the Wien meeting, almost 20 years ago: “research 
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is essential in contributing to the science of concussion and will potentially provide 
valuable information for such important issues as clinical management, return to 
play guidelines, and long-term outcome.”

In the view of increasing the efficiency and effectiveness of clinical research 
studies, by ameliorating data quality of SRC publications, the U.S. National Institute 
of Neurological Disorders and Stroke (NINDS), in partnership with the National 
Institutes of Health (NIH) and the Department of Defense (DOD), created in 2016 
a panel of experts named Sports Concussion Common Data Elements (CDE) 
Working Group [16]. The aim of this team was to identify sets of CDEs for SRC 
research and to support the right documentation to assist investigators. To provide 
an example, within the first 72 h, to evaluate neuropsychological function, examin-
ers are strongly suggested to use one of the following tests identified as “Core” from 
the panel, namely: Automated Neuropsychological Assessment Metrics (ANAM), 
Axon Sports Computerized Cognitive Assessment Tool (CCAT), CNS Vital Signs, 
and Immediate Post-Concussion Assessment and Cognitive Testing (ImPACT).

Although systematized approaches are methodologically helpful, it is very clear 
at present that true SRC prognosis could be inaccurate by only using symptoms- 
based diagnostic tools, since they do not measure any objective biomolecular 
parameter capable to determine the underhand, yet crucial, alterations of the post- 
concussed brain tissue. Many studies have in fact raised the strong and founded 
suspicion that suffering from a “concussive” injury shortly after a previous one 
increases symptom persistence delaying the recovery. Most importantly, this may 
have catastrophic consequences in individuals who recovered from clinical distur-
bances and symptoms, but not from a still altered brain metabolism [17, 18]. 
Therefore, even though SRC has typically a benign evolution in the majority of 
cases, with full spontaneous recovery overtime, a well-documented “miserable 
minority” will experience a very slow, or never-reaching, complete recovery; fairly, 
these patients claim for more than just “symptoms-based” diagnostics.

Undoubtedly, besides quick, reliable, and cost-effective testing, accompanied by 
a whole-time course monitoring tools, there is a need for objective parameters 
allowing to evaluate fine brain changes, before stating clearance (also forensic) 
from the post-traumatic state. The finalization of these tests relies on quantitative 
analyses, faithfully reflecting molecular and microstructural cerebral damages, at 
subcellular, cellular, and tissue levels, in relation to different kinds of concussion 
and their specific, unique evolution.

 Understanding Biomechanics

According to the last definition of the Berlin Consensus, SRC is: “… a traumatic 
brain injury induced by biomechanical forces transmitted to the head.” The “physi-
cal” response of the brain and the related post-traumatic sequelae are then strictly 
linked to the kinematics of the event. However, there is often uncertainty in describ-
ing the exact “mechanical patterns” of a concussive injury. One primary component 
of such scarce accuracy stems from the many different motions occurring when the 
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forces (of variable entities) involved in the impact are transferred to the head, 
unavoidably generating a great range of unevenness in the eventual post-concussive 
syndromes and correlated damages. Moreover, our current understanding of brain 
kinematics comes predominantly from “helmeted collisions”; the final kinematic of 
the traumatic event, therefore, ought to necessarily account for the helmet intrinsic 
features. This complex helmet-skull-brain interaction contributes to making each 
injury-causing event nearly unique and practically irreproducible [19].

Most of the modern literature indeed seems to refute a finite concussive- threshold 
and current research has focused on the concept of “individual-specific thresholds” 
[20]. This “tailored” approach should account for the many aforementioned 
unlearned factors playing a role in ones’ ability to tolerate concussive impact forces 
transmitted to the head. No link between biomechanical input and SRC symptoms 
and outcome has been established to date. Certainly, investigating relationships 
between objective parameters measured during impacts (linear and rotational accel-
erations) and patient-reported presentation, duration, and resolution of symptoms 
can be prone to several confounding factors: firstly, an underreporting issue. Reasons 
for underreporting injuries have been described as: “not thinking the injury was 
serious” or “not wanting to be removed from competition.” Some athletes might 
report less severe (or no) symptoms in hopes to return to competition and play 
sooner [20].

In one recent study, a concussive event was associated with accelerations of 66 g 
and 2611  rad/s2, while hundreds of other measured impacts with accelerations 
greater in magnitude did not result in concussion. Interestingly, this value (66 g) was 
the second highest magnitude impact for that subject. Another case from the same 
cohort showed an individual sustaining a concussion associated with an impact to 
the side of the helmet equaling 53 g and 2885 rad/s2. This is not a “remarkable” 
value but corresponded to the highest magnitude side impact that the subject ever 
sustained in the season. The overall results showed that out of 319 athletes who 
sustained an impact, 297 were not “concussively” injured. However, of the 22 ath-
letes reporting symptoms, 90% experienced one of the top five highest magnitude 
accelerations [21]. This work strongly supports the “individual-specific-threshold” 
concept.

Further predisposing intrinsic variables might contribute to this puzzling rela-
tion, including age, genetics, epigenetics, cerebrospinal fluid levels, randomly asso-
ciated extrinsic factors, such as muscular strength, sport position, impact velocity, 
and, as already stated, helmet type [22]. Additionally, and most importantly, a his-
tory of subconcussive impacts or prior SRC may possibly affect an individual’s 
threshold for an indefinable future period of time [23].

The critical moment of the concussive injuries lies in the mechanical energy 
transfer process of forces discharged on impact; more specifically, in how much 
these forces move and deform the brain tissues. Brain is one of the softest biologic 
materials, defined as a viscoelastic body, acting simultaneously as a solid and a 
liquid, obeying the physical laws of both matters’ state, and showing non-linear 
behavior in changing its properties in response to the applied loading rate [24, 25]. 
Brain tissue deforms easily when shearing forces are applied but reveals 
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considerable resistance to changing its shape when subjected to pressures. Inertial 
(linear and rotational) accelerations underwent intense scrutiny during the last 
decade, but less has been studied about pressure gradients, which of course poses 
formidable challenges for in vivo laboratory reproduction. Even in cultured cells, 
the effects of pressure are studied much less than the effects of deformation. 
Interestingly, applying rapid pressure changes to a fluid-filled chamber, containing 
either a brain slice or primary cell cultures, can lead to typical biochemical changes 
and subsequent neural impairment [26]. What is known, however, is that linear 
acceleration causing brain deformation will in turn generate smaller pressure gradi-
ents throughout the brain, even at considerable distance. Consequently, even if the 
shearing linear force does not reach the hypothetical shear-damage threshold, the 
contribution in generating a smaller gradient of pressure can cause exquisite bio-
chemical dysregulation and no shearing-related symptoms [27]. As far as rotational 
forces are concerned, it is well established that rapid head spins generate angular 
accelerations, having an associated high energy potential to cause shear-induced 
tissue damage. Introducing or allowing a rotational component during impact, sub-
stantially increases the likelihood of an unconscious episode.

The principle of directionally dependent brain damage is confirmed in a series of 
studies across different species and is a critical factor in understanding the human 
tolerance to injuries such as concussion [28–31]. The ventricular system, for exam-
ple, may have an important damping effect on the strains that appear during rota-
tional motions as well as the membranes that partition the cerebral hemispheres and 
the cerebellum from the cerebrum might influence the patterns on deformation that 
appear for a given head motion [32, 33]. These basic anatomical differences could 
explain variability in symptoms and damage among concussed subjects of increas-
ing ages. To date, our understanding of concussion biomechanics is theoretical and 
mainly focused on prevention and the precise process describing how the mechani-
cal energy of motion and/or impact transfers to the brain tissue remains to be fully 
understood and described.

The net result is a sudden, wide, non-specific increase in plasma membrane per-
meability of brain cells, causing extra-intracellular ionic movements and immediate 
neuronal transmission imbalance [34]. Also, a direct mechanical solicitation acti-
vates membrane receptors and alters voltage-dependent channels, a phenomenon 
coupled with a sudden release of neurotransmitters, particularly excitatory amino 
acids [35], further contributing to derangement of neuronal ionic homeostasis. 
Transmission and synaptic signaling are then impaired just a few minutes after 
trauma [36], as reported in many clinical observations. However, this is just the 
initiation of a much more complex series of chained biochemical pathways giving 
origin to the so-called neurometabolic cascade, extensively portrayed in the recent 
literature [37]. Beside this cascade, a well-established phenomenon implying unidi-
rectional chain reactions, a competition between complex cellular processes having 
opposite purposes, also develops following concussion. The prevalence of damag-
ing or protective mechanisms will determine the destiny of cerebral cells and axons 
involved and the overall outcome [38].
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 The Biomolecular Network and the Post-Concussion 
Brain “Vulnerability”

One of the most important direct consequences of the aforementioned ionic disorder 
is the mitochondrial calcium overloading, a pivotal event that negatively impacts the 
main organelle function, namely, the electron transport chain (ETC) coupled with 
oxidative phosphorylation (OXPHOS) for energy production (ATP). The results are 
energy imbalance, oxidative/nitrosative stress, and further macromolecular dam-
ages such as ROS and RNS-induced lipid peroxidation [39, 40].

Mitochondrial dysfunction and the inevitable imbalance between ATP consump-
tion and production is the reason for a third fundamental observable fact: neurons 
are obligated to work overtime via the more rapid, but less efficient, oxygen- 
independent glycolysis. It has been experimentally demonstrated that brain tissue 
after concussion-like mTBI undergoes a biphasic period of initial general metabolic 
depression with decreased glycolytic rate (when mitochondria are dysfunctional), 
followed by an increase in the glycolytic rate when mitochondria recovered their 
metabolic activity [41].

It is noteworthy to recall that the brain meets its energy requirements by com-
pletely coupling glucose consumption with oxygen consumption. To ensure this 
pairing, fundamental metabolic steps are mandatory: the pyruvate produced via gly-
colysis is converted to acetyl-CoA by the multienzymatic complex of pyruvate 
dehydrogenase (PDH); the tricarboxylic acid (TCA) cycle and PDH will generate 
the correct number of NADH and FADH2 molecules, the ETC will efficiently trans-
fer NADH and FADH2 electrons to molecular oxygen, while pumping the right 
number of protons into the mitochondrial inter-membrane space; ultimately, pro-
tons will be efficiently utilized by ATP-synthase to generate ATP molecules. Under 
these conditions, glucose consumption almost coincides with glucose oxidation.

In a research carried out in our laboratories, we evaluated the effects of graded 
head impacts (including a concussion-like mTBI) on the genes and protein expres-
sions of PDH, as well as on that of major enzymes of TCA, in whole brain homog-
enates of post-injured rats [42]. Gene expressions of PDH were analyzed from 6 h 
up to 5 days post injury, along with those of kinases and phosphatases (PDK1–4 and 
PDP1–2, respectively) regulating PDH activity, citrate synthase (CS), isocitrate 
dehydrogenase (IDH), oxoglutarate dehydrogenase (OGDH), succinate dehydroge-
nase (SDH), succinyl-CoA synthase (SUCLG), and malate dehydrogenase (MDH). 
Results of this research indicated that, after concussion-like mTBI, PDH and TCA 
gene expressions underwent general transient decreases followed by significant 
increases, showing no change in acetyl-CoA and free CoA-SH concentrations. The 
picture was clearly and dramatically different in the case of severe TBI, where per-
manent PDH and TCA downregulation occurred, caused by PDP1–2 downregula-
tions and PDK1–4 overexpression. As known, the TCA cycle requires continuous 
supply of acetyl-CoA [43], a reaction catalyzed by the PDH complex, through oxi-
dative decarboxylation of pyruvate. It is important to underline that glycolysis- 
derived pyruvate represents almost the only source of acetyl-CoA. Therefore, brain 
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PDH activity and TCA cycle are strictly connected and represent an indirect gauge 
to assess mitochondrial function devoted to energy production [44].

Following concussion-like mTBI, an increase in the gene expressions of all sub-
units of the PDH complex and of the PDP1 and 2 isoforms (activating PDH) 
occurred at 48 h and, more evidently, at 120 h post injury, and were accompanied by 
a downregulation of the genes encoding for the PDK1–4 isoforms (inhibiting PDH). 
It then appears that brain cells adjusted to overall conditions, regulating the activity 
of the PDH complex early (inhibiting) or late (activating) post injury, that is, when 
mitochondria were, respectively, inappropriately or correctly functioning [45–47]. 
Data for the gene and protein expressions of the TCA cycle indicate coherent tran-
sient mitochondrial “inefficiency,” confirming previous findings evidencing a “gene 
strategy” activating a sort of neuroprotection program adopted by “mildly” injured 
cerebral cells [48]. These data collectively endorse the hypothesis that mitochondria 
are particularly sensitive to mechanical forces delivered at the time of impact. These 
subcellular organelles, following concussion-like mTBI may be defined as tran-
siently dormant, and are not yet truly dysfunctional – unless some other event will 
occur and frustrate this protection strategy. In other words, the mildly injured cells 
lie in a condition of “metabolic debt”; as long as this condition will not be over-
come, cerebral cells and potentially the whole brain can be defined “vulnerable.”

Another cellular homeostasis deeply disturbed by the traumatic insult is the 
metabolism of free amino acids (FAA) and amino group containing compounds 
(AGCC), molecules exerting fundamental roles in numerous neurochemical func-
tions [49]. Within this relatively small group of substances, some are involved in the 
following:

• Neurotransmission, such as glutamate (Glu), γ-aminobutyrric acid (GABA), 
D-serine (D-Ser), and glycine (Gly)

• Indirect control of neurotransmission, such as glutamine (Gln), aspartate (Asp), 
tryptophan (Trp), phenylalanine (Phe), and tyrosine (Tyr)

• Cellular energy metabolism, indirectly, such as leucine (Leu), isoleucine (Ile), 
and valine (Val)

• Specific metabolic pathways (the so-called methyl cycle), such as methione 
(Met), cystathionine (L-Cystat), and S-adenosylhomocysteine (SAH) [50–55].

In a recent original experimental study from our laboratories, the influence of 
different levels of TBI (including concussion-like mTBI) on the time course changes 
of FAA and ACCG was investigated for the first time, highlighting previously 
unknown connections between alterations in N-acetylasparte (NAA) homeostasis 
and changes of amino acids directly or indirectly linked to post-injury excitotoxic 
phenomena [56]. Understanding NAA alterations is of inestimable importance, 
since this represents a copious, almost esclusively neuronal-specific, compound that 
is easily detectable, non-invasively, in human brains via proton magnetic resonance 
spectroscopy (1H- MRS). These and other modifications (i.e., dysfunction of the 
methyl-cycle, increased nitrosative stress) are clearly reversible and of limited mag-
nitude in  concussion-like mTBI, thereby corroborating the hypothesis of the 
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existence of a post-traumatic period of time characterized by generalized metabolic 
sufferance, involving main cell biological pathways and functions, even after a con-
cussive-like episode.

A complex and interrelated mechanism connecting energy imbalance, glucose 
dysmetabolism, oxidative/nitrosative stress, NAA, and amino acid levels is then 
jeopardized by the concussive trauma. These “networked” biochemical modifica-
tions confirm, unequivocally, the crucial role of mitochondria in maintaining the 
biomolecular milieu of brain cells [57, 58].

Being one of the most involved subcellular organelles following a mechanical 
insult, it is becoming necessary to deepen our interest in understanding mitochon-
drial dynamics, since little has been reported in the available literature in the field of 
TBI [59]. Mitochondrial dynamics are regulated by a complex system of proteins 
representing the mitochondrial quality control (MQC). MQC balances antagonistic 
forces of fusion and fission determining mitochondrial wellness and cell fates. 
Either physiologically or pathologically, the life of mitochondria is maintained by a 
complex network of proteins, inter-connected by their activity and regulated by 
post-translational modifications involved in the control of mitochondrial fusion, fis-
sion, and autophagy [60, 61]. The continuous process of fusion and fission is a 
physiologic turnover, part of the usual mitochondrial network dynamics, causing 
macroscopic changes to the organelle morphology, and is considered to be the mito-
chondrial quality control (MQC) system for eukaryotic cells [62].

A recent study from our group provided, for the first time, a satisfactory vision 
of the (dys)regulation of the main components supervising fusion, fission, and 
mitophagy following graded TBI (including concussion-like mTBI) [63]. According 
to the data obtained in our trauma model, which mostly produces a gradable diffuse 
brain injury [64, 65], it is possible to postulate that cerebral cells after concussion-
like mTBI are committed to increase fusion and to concomitantly decrease fission 
and mitophagy. Conversely, brain cells after sTBI are more prone to activate fission 
and mitophagy, the two phenomena being paralleled by a remarkable downregula-
tion of fusion. Activation of fusion, in this study, resulted in a net increase in cere-
bral mitochondrial mass at later time points post concussion-like mTBI injury. This 
should not only induce the prevention of apoptosis [66, 67], but also mitochondrial 
cristae remodeling [68, 69], with improvement of ETC coupled to OXPHOS, thanks 
to the increased expression in optical dominant atrophy-1 (OPA1) protein [70]. 
Activation of mitochondrial fusion following concussion-like mTBI was accompa-
nied by a significant inhibition of fission. As revealed by the gene analysis, the 
downregulation of the DRP1 gene (by almost 3 times) should have had remarkable 
beneficial effects; this hypothesis is sustained by data demonstrating that inhibiting 
DRP1 using the mitochondrial division inhibitor-1 (Mdivi-1) reduces cell death in 
different cellular and animal models [71–74]. Moreover, it has very recently been 
shown that Mdivi-1 reduces cortical cell loss and improves spatial memory after 
TBI in mice [75]. The sum of fusion stimulation and fission inhibition in our con-
cussion-like mTBI animals has had the cumulative effect of producing no activation 
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of mitophagy, as indicated by the unchanged (or modest change of) expressions of 
the genes encoding for PINK1 and PARK2, that is, the two genes regulating the 
PINK1/PARK2 pathway of mitophagy [76, 77]. The slight increase of PINK1, only 
late post injury, might be related to the additional PINK1 biochemical activities 
rather than activators of mitophagy, including regulators of complex I function and 
promoters of cell survival via interaction of calcium homeostasis [78]. Combining 
the data on citrate synthase, the indication is that concussion-like mTBI induces 
only a transitory increase in the number of “dysfunctional” mitochondria.

Putting together all of these findings, it is possible to depict a complex network 
of evolving molecular events, triggered by the traumatic insult, modifying cellular 
metabolism and metabolites, altering enzymatic activities, and influencing gene and 
protein expressions. How and to what degree of reversibility these modifications 
will progress mainly depends on the net TBI severity. All of these changes are 
deeply interconnected and encompass mitochondria as either main players or main 
targets. This has serious repercussions on the destiny and survival not only of the 
mitochondrion itself, but even on the cell, determining which processes contributing 
to the MQC (fusion, fission, mitophagy) will prevail. According to these unique 
reported data, following experimental concussion-like mTBI, the process will have 
a spontaneous benign evolution during a defined period of time, during which fusion 
prevails over fission and mitophagy. A schematic representation of some of the main 
the biochemical/metabolic/molecular targets affected by concussive brain injuries is 
depicted in Fig. 10.1.

The number of “disturbed” biochemical tasks during this window of time is so 
evidently increasing as a consequence of additional research reports that biometa-
bolic parameters should strictly accompany the clinical assessment in the manage-
ment of concussed athletes. Whatever the clinical situation could be, it is fairly 
conceivable to state that during a variable and scarcely foreseeable post-injury 
period of time, brain cells must be defined as biochemically, metabolically, and 
genetically vulnerable. A second injury, even milder, occurring within this window 
of time might have early or late disastrous consequences. The aforementioned find-
ings might be relevant to explain why repeated concussions, taking place during this 
period of “biomolecular vulnerability,” at least causes a disproportion between the 
severity of the second impact and the time of normalization of brain metabolism and 
resolution of symptoms [61]. But they may also explain why, in a minority of cases, 
repeated concussions may give raise to the catastrophic second impact syndrome 
[79–83], leading to malignant brain edema and intracranial hypertension.

It is also easily possible that repeated mTBIs may cause enduring impairment of 
the aforementioned biochemical networked systems causing “chronic” mitochon-
drial malfunctioning and imbalance of the MQC, up to a point of no return, given a 
permanent damage of complex organogram of the subcellular biomolecular “appa-
ratuses.” This phenomenon might potentially be involved in the development of 
chronic traumatic encephalopathy (CTE) observed, for instance, in athletes with a 
long history of multiple concussions [84].
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 Clinical Implications: The Return-to-Play Dilemma

In the previous edition of this chapter [85], we presented a robust set of experimen-
tal and clinical data (either retrospective or prospective trials) questioning the valid-
ity of the clinical criteria (such as: neuropsychological tests, and balance tests) as 

Fig. 10.1 Schematic representation of the main biochemical/metabolic/molecular targets of the 
energy associated with the forces acting at the time of impact (linear, rotational, causing 
acceleration- deceleration phenomena of the brain) and discharged to the cerebral tissue on occur-
rence of concussive episodes. Dysregulation of ionic homeostasis triggers a series of molecular 
events, affecting multiple pathways and cycles of neuronal metabolism, in which mitochondria are 
the main “players.” At early stages post-concussion, mitochondria are transiently dysfunctional, 
showing decreased supply of reducing equivalents (NADH and FADH2) for ETC coupled to 
OXPHOS functioning as well as diminished rate of ATP synthesis. During this period (named 
window of metabolic brain vulnerability), there is a well-orchestrated change in various gene 
expressions to optimize energy production and consumption and aimed to neuroprotection, by 
avoiding mitochondria to work at their maximal capacity while dysfunctional, thus inhibiting/
limiting insurgence of oxidative/nitrosative stress cause by increased production of ROS and RNS

The reduction in energy availability alters the physiologic rate of NAA biosynthesis with a net 
decrease in its cerebral levels, clearly evident in post-concussed athletes when measured using 1H- 
MRS. In the recovery phase, genes controlling the mitochondrial quality control (MCQ) system 
promote fusion (via OPA1, MFN1 and MFN2) and inhibit fission (via FIS1 and DRP1), thus pre-
venting cytochrome c release, induction of mitophagy, and apoptosis. The concomitant upregula-
tion and activation of key enzymes of glycolysis (hexokinase, phosphofructokinase, pyruvate 
kinase), of the pyruvate dehydrogenase (PDH) complex, of the TCA cycle allow to increase ATP 
production and overcome the energy crisis. This is accompanied by increased acetyl-CoA avail-
ability that ensures restoration of the NAA level, also thanks to the concomitant upregulation of the 
NAA biosynthetic enzyme NAT8L. Monitoring NAA levels in post-concussed athletes by 1H-MRS 
can therefore incorporate precious information related to the time course of these biochemical/
metabolic/molecular processes in the post-concussive period and it is of invaluable relevance to 
forecast the metabolic state of this complex network, an essential condition for safer return of 
concussed athletes to play
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the sole diagnostic and prognostic way to determine the safe return of athletes to 
play. We have been able to demonstrate in fact that recovery of the altered brain 
metabolism certainly happens significantly later than the disappearance of symp-
toms and/or normalization of other currently used clinical tests. Signs and symp-
toms are fundamental both in the diagnosis of concussion and in the early 
post-concussive phase management. Notwithstanding, our conclusions strongly 
sustain the evidence of a desperate need to “biologically” grade the “severity” of 
concussions.

It is the authors’ belief that attempts of classification should include objective, 
quantifiable, and measurable “biological” parameters. After all, approaching a con-
cussed athlete means determining their full recovery, for a safe return to play. This 
translates into monitoring the post-injury course and establishing the normalization 
of any biochemical/metabolic/molecular objective measures, demonstrating the clo-
sure of the window of brain vulnerability, a dynamic and time-based condition that 
is individually variable and therefore poorly liable to accurate forecasting. It should 
be considered hazardous (if not unethical) to allow the return to play after a concus-
sion without having established the “healing” of biochemical/molecular parameters 
related to various biological brain processes as well as the normalization of eventual 
ultrastructural brain modifications.

The possibility of having a second concussive injury within this interval (i.e., 
days or weeks) has been reported to be even fatal, a phenomenon that Saunders and 
Harbaugh [79] called “the second-impact syndrome of catastrophic head injury” 
(SIS), first described by Schneider [80]. Subsequently, a handful of published cases 
have been reported, describing patients (mostly involved in sports-related activities) 
who, while still having symptoms from a previous concussive injury, experienced a 
second concussion that led to sustained intracranial hypertension and catastrophic 
outcomes, albeit the second blow might had been remarkably minor [86–88].

Several authors have asserted skepticism about SIS [89, 90], and a recent study 
no less questioned its “diagnostic credibility” [91]. The key concern declared by the 
authors of this report is that SIS seems to be a rather uncommon clinical condition, 
lacking a “unique presentation scheme” to support a standardized World Health 
Organization definition and International Classification of Disease (ICD) coding. In 
our opinion, it is not without a sense of irony that the most important features of SIS 
happen to be the main cause for questioning its own very existence.

The experimental timeline of the exquisitely metabolic nature of the “brain vul-
nerability” is certainly difficult to be directly translated to humans; furthermore, 
many other uncontrolled variables will render each second impact different from 
every other individual. It is then rather unlikely that SIS will ever show a fixed, 
clinically “unique presentation scheme,” since its adverse pathophysiology (yet to 
be fully understood) is influenced over time by multiple variables. Paradoxically, if 
these authors’ arguments were correct, even concussion itself (not to mention mod-
erate and severe TBI) should be questioned, since there is no one TBI equaling 
another. For example, a person suffering from moderate TBI would range from GCS 
13 to 9. However, this taxonomy is confusing since a GCS 13 patient lies 1 point 
below to eventual discharge; a GCS 9 patient lies 1 point above potential intubation. 
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This is the reason why in the ICD-9-CM TBI is represented by six major coding- 
blocks (800.0, 801.9, 803.0, 804.9, 850.0, 854.1), each one including many other 
subspecifications, resulting in literally hundreds of codes. Although SIS is indeed an 
uncommon event, a conventional code would not certainly be the most inappropri-
ate. The unquestionable facts are that several deaths occurred to athletes receiving a 
second concussion at a short time from the previous one and that most of these 
athletes died because of refractory intracranial hypertension [92].

However, according to data obtained following experimental repeated concus-
sions from our and other research groups [45, 93–97], it is our strong opinion that 
the concept of SIS should be widened and applied to those many cases (non- 
catastrophic) in which a clear disproportion between the entity of the second trauma 
and the time for recovery (in terms of clearance of clinical symptoms and normal-
ization of brain metabolism) is present [98].

To support these notions, we briefly summarize data we obtained in our last 10 
years of research using 1H-MRS to determine recovery from concussion in over 200 
adults (both athletes and non-athletes). According to what the patients declared on 
anamnesis, none of them had a previous history of concussion. In 35% of cases, the 
decrease in NAA was accompanied by a decrease in Cr [99], revealing different 
times of recovery and showing no priority patterns of metabolite normalization. In 
these singly concussed adults, symptoms lasted 11.2 ± 6.4 days, while recovery of 
brain metabolism was fulfilled after 34.5 ± 9.7 days. Worth of note is that to date, 
1H-MRS evaluation never showed either false positive (subjects with no concussion 
and with altered brain metabolite levels) or false negative (clinically concussed sub-
jects with normal brain metabolite levels).

The aforementioned results not only almost overlap with results we previously 
published [17, 100], but most importantly are singularly coincident with data 
reported in a study published in 2020 [101]. In this paper, the advanced neuroradio-
logical technique, Diffusion Kurtosis Imaging (DKI), was used to monitor the 
effects of SRC on the brain and the curve of recovery in 96 concussed American 
football players, at <48 h, 8, 15, and 45-days post injury. All clinical symptoms 
cleared by the eighth day post injury. In the concussed group, axial kurtosis was 
found significantly higher compared to the control group at 48 h, increased in extent 
and magnitude at 8 days, receded at 15 days, and returned to the normal levels by 
45 days. Kurtosis Fractional Anisotropy exhibited a delayed response, with a con-
sistent increase by days 15 and 45. In this study, changes detected in the acute 
period appeared to be prolonged compared to clinical recovery, and additional 
changes, not observable acutely, appeared to progress.

To further support all the aforementioned evidence, we here present preliminary 
data from a small set of 14 adolescent patients (Table 10.1). Symptoms in this cohort 
persisted for 25.9 ± 8.6 days, a duration 3.1 times longer than in adults, while brain 
metabolism recovered within 90 days from concussion, that is, metabolic vulnera-
bility lasted 3 times longer than in adults. This summary is prodromal to introduce 
and describe three peculiar cases that are useful to answer to those authors who 
sustain that SIS is inexistent, that is, the pure fantasy birth of those who described SIS.
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Table 10.1 Clinical features of the cohort of 14 adolescents studied by 1HMRS to evaluate recov-
ery of brain metabolism following concussion

Case 
number

Age 
(years) Sex Category

Cause of 
injury LOC Main symptoms

Duration of 
symptoms 
(days)

1 14 M Athlete Head-to- 
head 
(soccer)

N Confusion, vision 
disturbances, 
hyperactivity

19

2 15 M Athlete Knee to 
head 
(soccer)

N Nausea, vision 
disturbances, mood 
disorders

28

3 14 F Athlete Back 
bottom to 
the ground 
(horse 
riding)

N Retrograde amnesia, 
insomnia, cognitive 
deficit

24

4 17 M Athlete Head-to- 
head 
(soccer)

Y Headache, insomnia, 
dizziness, vision 
disturbances, 
cognitive deficit

41

5 16 M Non-athlete Scooter 
accident

Y Confusion, 
headache, nausea, 
hyperactivity, 
cognitive deficit

26

6 18 M Athlete Foot-to- 
head 
(martial 
arts)

Y Retrograde amnesia, 
vision disturbances, 
cognitive deficit

22

7 13 F Athlete Back 
bottom to 
the ground 
(skiing)

N Headache, 
confusion,
anxiety

14

8 16 M Athlete Head-to- 
head 
(soccer)

Y Retrograde amnesia, 
dizziness, cognitive 
deficit

37

9 17 M Non-athlete Scooter 
accident

N Insomnia, nausea, 
retrograde amnesia, 
cognitive deficit

26

10 14 M Athlete Head-to- 
head 
(soccer)

N Headache, vision 
disturbances, 
cognitive deficit

15

11 15 M Athlete Rough 
contrast 
(soccer)

Y Retrograde amnesia, 
headache, sleep 
disorders, cognitive 
deficit

33

12 14 M Athlete 
(repeat 
concussions)

Foot-to- 
head 
(martial 
arts)

Y Confusion, 
headache, retrograde 
amnesia, insomnia, 
vision disturbances, 
cognitive deficit

>120

(continued)
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 Case 1

A 16-year-old male, practicing martial arts, sparred with an older and heavier com-
panion to better prepare for an upcoming tournament, receiving many blows – much 
more than usual. He experienced headache the same evening that persisted in the 
next days. Parents talked to the trainer who told them that mild headache could be 
due to intensive, heavy training, and was confident about his tournament participa-
tion, to be held 4 days later. During the official match, in the second round, the 
patient received a very modest kick on the neck, and still standing, started to reveal 
ataxia and slowed reflexes. Less than a minute after, he fell down experiencing 
1 min of LOC. Immediately transported to hospital, he reached the ER still con-
scious, but a tonic crisis followed by convulsions occurred, causing a comatose 
state. A CT scan revealed severe brain swelling and a thin (less than 1 cm) right 
hemispheric subdural hematoma with 3–4 mm midline shift (Fig. 10.2a). To mea-
sure intracranial pressure and following an ICP-guided approach, an intraventricu-
lar catheter was introduced (ventriculostomy) (Fig. 10.2b). Opening pressure was 
above 30 mmHg, but CSF prompt escaping lowered this value to 16 mmHg, normal-
izing on day 3. On the sixth day, spontaneous wake up occurred, followed by grad-
ual pharmacology intensity level weaning, up to discharge. Glasgow Outcome Scale 
at 30 days was classified as “good recovery.” However, the player experienced typi-
cal post-concussive symptoms lasting 4 months. Serial 1H-MRS were performed 
starting from 40 days after the second concussion. Brain metabolism recovered in 
10 months, with NAA preceding Cr retrieval.

Table 10.1 (continued)

Case 
number

Age 
(years) Sex Category

Cause of 
injury LOC Main symptoms

Duration of 
symptoms 
(days)

13 18 M Athlete 
(repeat 
concussions)

Punches-to- 
head (boxer)

Y Confusion, 
headache, retrograde 
amnesia, insomnia, 
vision disturbances, 
cognitive deficit

>120

14 18 M Athlete 
(repeat 
concussions)

Unknown 
(rugby)

Y Confusion, 
headache, retrograde 
amnesia, insomnia, 
vision disturbances, 
anxiety, cognitive 
deficit

>120

Patients with number 12, 13, and 14 suffered from two repeat concussions and are fully described 
in the text
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 Case 2

An 18-year-old male was involved in a semi-professional federal boxing tourna-
ment. Sparring with a boxer of a heavier category during a pre-match training, he 
receives a series of punches to the head, with no particular consequences at first. On 
the way to the hotel, he began to suffer from headache, lasting overnight, mildly 
persisting for 3 days and fully cleared the morning of the fourth day where he 
returned to spar in the afternoon. After a few minutes of routine sparring, he asked 
to stop the training for recurrence of headache. It is worthy to note that he received 
only minor and warming-up hits during this brief period. On the bus to the hotel, he 
reported a sudden, rapidly increasing headache. No LOC had occurred so far. 
Immediately transported to the ER, he arrived comatose. A CT scan showed mas-
sive brain swelling and left, hemispheric subdural hematoma, causing more than 
1  cm midline shift (Fig.  10.3a). Transferred to the neurosurgery department, he 
underwent an urgent fronto-temporal left craniotomy (Fig. 10.3b). The very next 
day, he was weaned from mechanical ventilation and was conscious, with no gross 
neurological impairment. However, post-concussive symptoms lasted 3 months and 
metabolic recovery was completed at 8 months from the second impact. In this case, 
levels of both Cr and NAA during this observational period were lower than the 
reference values of age- and sex-matched healthy controls, with Cr recovering faster 
than NAA.

a b

Fig. 10.2 Panel (a) Admission CT scan of Case 1 showing massive bilateral swelling, slightly 
more represented in the right hemisphere, where it was associated with a “typical” subdural 
hematic collection, causing minimum midline shift. Panel (b): Post ventriculostomy CT scan 
showing complete disappearance of the subdural hematoma and early amelioration of brain 
swelling

10 Analytical Monitoring of Brain Metabolism: Not a Research Tool for Elite…



208

The astonishing analogies between these two cases are intuitive, as well as the 
comparison of their CTs with two further examples of SIS reported in the literature, 
one of them almost 15 years ago (Fig. 10.4a–d).

 Case 3

An 18-year-old semi-professional rugby player experienced a first concussive epi-
sode in April 2017 and did not play in any other game until next December, when 
he suffered from two significant hits in the same match. That evening he reported 
nausea, vomiting, persistent headache, and insomnia, which then were present for 2 
months, when the player also started suffering from slight cognitive deficits during 
scholar activities. A decreased capacity to concentrate was constant with frequent 
insurgence of headache even for bumps while going by car, symptoms protracting 
until April of the following year (2018). Neuropsychological tests for the evaluation 
of attention, working memory, short-term memory, and episodic memory (Visual 
Search, Dual Task, P.A.S.A.T.  – Paced Auditory Serial Addition Task, and Rey 
Auditory Verbal Learning Test) showed modest impairment in the verbal short-term 
memory. MRI resulted in no gross signal alteration, whilst 1H-MRS showed persis-
tent lower values of brain metabolites. Symptoms cleared at 6 months following the 

a b

Fig. 10.3 Panel (a): Admission CT scan of Case 2 showing predominant left hemispheric swell-
ing and an ipsilateral small subdural hematoma. A significant midline shift is present, not entirely 
accountable to the subdural collection, but mainly due to asymmetric swelling. Panel (b): 
Immediate post-operative CT scan showing resolution of the midline shift and a net amelioration 
of swelling, confirmed by the re-visualization of the lateral ventricles. It is worthy to notice that, as 
a general occurrence following any craniotomy, the subdural collection is still visible, however 
causing no compressive phenomena
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a b

c d

a b

a b

c d

Fig. 10.4 Comparison of CT scans of our Cases 1 and 2 with those of age-matched athletes (pre-
viously published in the literature and suffering from SIS) with different dynamics but very similar 
clinical course and radiological presentation. Panel (a): Admission CT scan of Case 1 showing 
right hemispheric subdural hematoma (short white arrows), with midline shift and asymmetric 
brain swelling (long white full and dotted arrows). Panel (b): Admission CT scan of Case 2 show-
ing massive left hemisphere swelling (long white arrows), causing midline shift, associated with a 
small left subdural hematoma (short white arrows). Panel (c): Admission CT scan of an athlete 
who experienced a second impact at 4 days from the first, revealing cerebral swelling of the right 
hemisphere and lateral ventricle compression (black arrow). A thin rim of subdural hematoma 
(white arrows) in the right fronto-temporal convexity is also visible (From Mori et al. [83]). Panel 
(d): Admission CT scan of an athlete who experienced a second impact at 4 weeks from the previ-
ous, showing a left hemispheric subdural hematoma (white arrows) associated to ipsilateral brain 
swelling (b), right hemisphere compression (a), and severe midline shift (black arrows). (From 
Cantu and Gean [87])
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second concussion, but brain metabolism recovered at 9 months. In this case, NAA 
recovered faster than Cr.

SIS is currently defined as “the presence of malignant brain swelling occurring 
in a subject receiving repeat concussions minutes, days or weeks after the initial 
one.” However, as clearly shown by the three above-described clinical cases, SIS 
does not necessarily result in “fatal” or “catastrophic” outcome. A broad definition 
of SIS is advisable, including the frequent disproportion among the entity of the 
second concussion and the severity of following symptoms, the time for symptom 
clearance after the second trauma, and the time necessary for metabolic 
restoration.

From a pathophysiologic point of view, SIS takes place when a subject receives 
the second concussion before symptoms from an earlier one have subsided. We 
believe that even in this case the concept needs to be broadened by stating that SIS 
might occur every time that a second concussion will fall within the temporal win-
dow of metabolic/biochemical/molecular brain vulnerability state. The degree of 
“severity” of SIS, including fatality, will depend on which phase of the metabolic 
recovery the brain is in at the time of the second blow.

At present, it is unpredictable how long the period of brain vulnerability will last. 
Our experience with the cohort of 232 athletes, confirming the previous bench data 
obtained and using the theoretical translation of the “rat time” into “human time” 
[95], strongly suggests that, in the case of subjects with no prior history of concus-
sion, the duration of this period ranges between 20- and 45-days post injury, with a 
mean value of 35 days. It is worth noting that only the observation that brain metab-
olism has fully recovered will demonstrate the closure of the temporal window of 
brain vulnerability and that a new concussive episode will not develop into SIS 
(either fatal or non-fatal).

 From Diagnosis to Prognosis: Magnetic Resonance 
Applications and “Deep Structural Neuroimaging”

Traditional structural neuroimaging techniques are normal in athletes who sustain 
SRC, particularly when referring to MRI.  A prospective, large-scale study was 
recently published, stating that less than 1% of SRCs are associated with acute 
injury findings on qualitative structural MRI, thus providing empirical support for 
clinical guidelines not recommending the use of MRI following SRC [102]. This 
notion was well acknowledged by emergency physicians, neurologists, neurosur-
geons, and intensivists.

Not even in severe TBIs MRI can find application during the early phases, given 
the complex management of an intubated and mechanically ventilated, multi- 
invasively monitored patient. Indication apart, the logistic issue is enormous. In this 
clinical setting, CT technology rules unchallenged, and MR investigations are taken 
generally in the subacute period having lost its “native” diagnostic role, revealing 
instead an important prognostic function. Interestingly, the prospective evidence of 
the above-cited study showed that SRC was indeed associated with a higher 
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incidence of non-specific MRI findings, yet requiring clinical follow-up. Sinus dis-
ease, heterotopia, tumor, aneurysm, and pineal cyst are described examples of 
clearly non-trauma-related findings; white matter hyperintensity, chronic micro- 
hemorrhages, and pituitary abnormalities are examples accountable to prior head 
trauma. In other words, MRI not only lacks SRC specificity, but also carries “unnec-
essary” sensitivity. Is it then “inconvenient” to perform MRIs given the risk of fac-
ing occasional brain abnormalities that, regardless, would require discontinuing an 
athlete activity?

Approximately 640 papers were published in the last 10  years specifically 
addressing concussion and various advanced MRI applications in mTBI; as far as 
SRC is concerned, 290 studies were found, 280 of which entirely focused on 
advanced MRI.

The modern growing interest in advanced MRI is mainly dedicated to developing 
“biomarkers of brain connectivity,” from resting-state functional (rs-fMRI) to diffu-
sion tensor imaging (DTI), with the purpose of aiding objective data useful in the 
diagnosis and management of concussion. A systematic review identified 1351 cita-
tions, but with only 14 studies meeting the review inclusion criteria (5 rs-fMRI and 
10 DTI; 680 patients with mTBI vs. 436 controls) including those where advanced 
MRI was performed from less than 12 h [103]. The most common clinical outcome 
measure used in these studies was symptom burden, namely, the Rivermead Post- 
Concussion Questionnaire. The most frequently studied brain connectivity bio-
markers evaluated by advanced MRI were global functional connectivity, 
default-mode network, and fractional anisotropy (FA). Although the rigid selection 
reduced the amount of available data, the conclusion indicated that brain connectiv-
ity biomarkers (measurable by advanced MRI), obtained within 1 month of injury, 
are useful in predicting outcome.

As reported in another paper, however, studies are typically cross-sectional (CS) 
comparing groups of concussed and uninjured athletes, while it would be important 
to determine whether these findings are consistent with longitudinal (LNG) changes 
at the individual level, relative to their own pre-injury baseline [104]. Among con-
cussed athletes, abnormalities were identified for white matter FA and mean diffu-
sivity, along with gray matter cerebral blood flow, using both CS and LNG 
approaches. Comparing data with uninjured matched controls equally studied (to 
have a longitudinal control group), patterns of abnormality for CS and LNG were 
distinct, with significant differences in the percentage of abnormal voxels. These 
results highlighted the importance of using pre-injury individual baseline data when 
evaluating concussion-related abnormalities and the return to play issue.

In the future, more clarifying data about symptoms and recovery patterns are 
expected to come from “connectomics” [105]. Indeed, this new field of innovative 
MRI enables researchers to conduct a much deeper analysis, combining anatomical 
neural network data with actual DTI fiber tractography to reconstruct a reliable map 
of damaged connections. In addition, using T1-weighted surface-based morphom-
etry (SBM), it is possible to perform distinct exploration of cortical surface, area, 
thickness, and volume alterations over the entire cortex [106]. By means of a com-
bination of DTI fiber tractography and graph-theoretical network analysis, brain 
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complexity is mapped as a widely distributed network of nodes and edges. Therefore, 
the strength of the anatomical link is measured as the total number of interconnect-
ing fibers, thus enabling to quantify the post-injury disrupted network effi-
ciency [107].

At present, however, there is an urging “clinical,” not hypothetical, need for more 
sophisticated, non-invasive imaging capable of detecting changes in neurophysiol-
ogy after injury. Concussion is associated with prognostic neurometabolic changes, 
impairing axonal-network functions. Proton magnetic resonance spectroscopy (1H- 
MRS) is nowadays capable of measuring and monitoring brain biochemistry and 
identifying and quantifying adverse physiologic changes after concussion [108]. A 
systematic review of articles published in the English language up to February 
2013, including observational, cohort, correlational, cross-sectional, and longitudi-
nal studies revealed that only 11 publications satisfied the inclusion criteria, com-
prising data on 200 athletes and 116 controls [109]. Nine of the 11 studies reported 
an MRS abnormality consistent with an alteration in neurochemistry, far beyond the 
resolution of symptoms. Many more and larger, prospective, longitudinal studies 
are needed, rather than periodic reviews of the literature. This is probably the reason 
why, notwithstanding the uniformity of the clinical data with results of laboratory 
studies, several researchers involved in SRCs still consider 1H-MRS merely as a 
sophisticated, possibly superfluous, “research tool” of no clinical utility.

The long-term neurobiological effects of concussion were recently assessed in 
youths, to determine the association between a history of concussion and NAA lev-
els in the dorsolateral prefrontal cortex (DLPFC) [110]. Two and half years post 
injury, lower levels of NAA were measured in the right DLPFC in school athletes 
with past concussion compared to controls. The effect of lower NAA concentrations 
in the right DLPFC was primarily driven by youth with a single prior concussion 
versus those with multiple concussions. NAA in the left DLPFC, but not in right 
DLPFC, was associated with worse emotional symptoms in youth with concussion.

A 1H-MRS investigation in symptomatic former NFL players was carried out to 
address long-term neurologic consequences of exposure to repetitive head impacts 
(RHI) [111]. The sample included 77 symptomatic former NFL players and 23 
asymptomatic individuals without a head trauma history. NAA, glutamate/gluta-
mine, choline, myo-inositol, creatine, and glutathione were measured in the poste-
rior (PCG) and anterior (ACG) cingulate gyrus, and parietal white matter (PWM). 
PWM NAA was lower among the former NFL players, showing a direct effect 
between RHI and reduced cellular energy metabolism (i.e., lower Cr).

A longitudinal 1H-MRS study to determine deviations in the neurometabolic pro-
file of patients with mTBI from healthy controls at different stages of mTBI, and the 
associations between acute neurometabolic findings and chronic neurocognitive 
performance, was published in 2014 [112]. The CS comparison revealed decreasing 
trends of NAA/Cr at the early subacute stages in the thalamus and centrum semi-
ovale (CSV), recovering over time. Most interestingly, within the trauma group, 
absolute concentration of Cr measured in the CSV at early subacute stages 
(5 ± 3 days), showed a positive correlation with chronic cognitive impairment.
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Strictly linked to metabolism is the intrinsic neuronal activity appearing as spon-
taneous fluctuations in the blood oxygen level-dependent (BOLD) functional MRI 
(fMRI) signal, exhibiting synchrony within neuroanatomically and functionally 
related brain regions. Intrinsic neuronal signaling accounts for most of the brain’s 
energy expenditure. Many established methods, each with its own advantages and 
disadvantages, are available for characterizing synchrony in intrinsic neuronal 
activity (functional connectivity) [113]. Changes in functional connectivity have 
been reported in various neurological and psychiatric diseases, and such alterations 
might have potential as clinical biomarkers in the long-term post-concussive 
effects [114].

Much of the progress that has been made in our basic science understanding 
neuronal metabolism can be applied to neuronal network activity, as detected by 
fMRI, aiding in the interpretation of clinical changes during concussive-damage 
evolution. Among these networks, the default-mode network (DMN) is of particular 
interest [115]. The DMN is a definite network that is active at rest and abolished 
when activities implying attention and decision-making are in function. Essential 
components of DMN are the posterior cingulate cortex (PCC), precuneus, inferior 
parietal, and medial prefrontal cortex (MPFC) nodes. A key cognitive role is 
assigned to these networks as memory encoding and consolidation, and space ori-
entation for PCC. MPFC appears involved in self-consideration, rapid error identi-
fication, and social functions. In patients with concussion, these high-level cognitive 
functions are often negatively affected.

Finally, pre-injury connectivity and NMDA receptor subtype composition 
(NR2A and NR2B content) are considered important predictors of node loss and 
remodeling [116]. Mechanistically, stretch injury, causing a reduction in voltage- 
dependent Mg2+ and blocking the NR2B-containing NMDA receptors, will further 
impair the network function and plasticity. Given the demonstrated link between the 
NR2B-NMDA complex and mitochondrial dysfunction, it does not appear surpris-
ing that ultimately neuronal de-integration from the network is again mediated 
through mitochondrial signaling [117].

 Conclusion

Even if classified as an mTBI, concussion is directly responsible for sudden bio-
chemical changes occurring at the time of impact but spreading over time in a 
chained-reactive fashion. These complex biochemical derangements, involving not 
only metabolic changes but also down- or up-regulations of a vast number of protein 
and gene expressions, can result in a dangerous state for the brain, generating a situ-
ation of metabolic vulnerability, a condition that is imperative to assess before 
allowing a safe return to play of a concussed athlete. Following single, double, or 
repeated concussions, cellular and subcellular dysfunctions might be responsible 
for changes of supreme importance at an ultra-structural level, far beyond the reso-
lution of current non-invasive technologies. Currently, management of concussed 
athletes and their return to play are only based on presence of symptoms and 
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neuropsychologic test score, none of them being capable of measuring any objec-
tive biological parameter connected to the hundreds of biochemical/molecular ner-
vous cell modifications triggered by concussions. This is probably why, 
paradoxically, “the mildest” of all TBIs is, to date, the least understood.

At present, determination of different brain metabolites by proton 1H-MRS 
(including NAA, Cr, and Cho) represents a rapid, easy-to-perform, non-invasive 
instrument to accurately and dynamically quantify the most important modification 
of cerebral biochemistry. This technique shows that alterations of brain metabolism 
last much longer than symptom clearance and neuropsychologic test normalization 
in post-concussed athletes. One of the biggest challenges of the next years will be to 
expand the application of MR technology, and to achieve a clearer picture of post- 
concussive neurobiology, by reliably identifying biological objective parameters to 
corroborate the initial clinical management. Further advances in this domain will 
tremendously improve our comprehension of what is occurring to the neuronal net-
work and the possible evolution of a concussion. To date, since there is not even one 
preclinical study showing that concussive-like injuries leave brain metabolism and 
functions equal to those observable before impact, it is clear that these changes are 
intrinsic and typical of concussions and that, if found in laboratory animals, they 
certainly occur to nervous cells of human beings after a concussion. In light of this, 
also considering the availability of the different advanced neuroimaging techniques 
(1H-MRS, DTI, fMRI, etc.), it is becoming challenging that concussed athletes are 
allowed to return to play without undergoing objective analyses capable of deter-
mining whether fine biochemical, molecular, metabolic, ultra-structural brain 
parameters are equal to those of healthy controls. Coupling such data with those 
related to clinical follow-up cannot be considered just a research speculation matter, 
since it would enable a far more accurate and conscientious understanding to cure 
and prevent short- and long-term consequences of this truly peculiar form of trau-
matic brain injury.
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 Introduction

Sport-related concussion (SRC) remains a poorly understood clinical phenomenon, 
despite the numerous cases in athletics. This can primarily be attributed to the vari-
able and inconsistent definition of concussion (also referred to as mild traumatic 
brain injury; mTBI), as well as the heterogeneity of the clinical manifestation and 
prognosis [1, 2]. Spontaneous recovery following a SRC is currently determined by 
clinical observations and self-reported symptoms rather than objective markers [3]. 
Findings from standard clinical neuroimaging techniques (computerized tomogra-
phy [CT] scans; T1− and T2-weighted images) are typically negative for the majority 
of cases [1, 4, 5]. Specifically, two large recent studies of SRC reported positive 
findings of less than 1% on typical magnetic resonance imaging (MRI) 
sequences [6, 7].

These null findings on standard neuroimaging initially helped to propagate the 
view that SRC did not lead to frank neuronal pathology. However, an accumulating 
body of literature indicates that SRC may result in lingering impairments [for 
reviews see 8–11], with evidence of neuronal pathology remaining present long 
after the traditional clinical outcome measures (e.g., balance and cognitive testing) 
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have returned to normal [12]. This has resulted in a proliferation of studies that have 
attempted to define more objective imaging biomarkers of SRC [13, 14]. Given 
functional MRI’s ability to non-invasively perform in vivo measurements during 
demanding cognitive tasks [15] and to characterize intrinsic neuronal activity [16, 
17], dozens of studies have subsequently used this imaging technique to better 
understand the pathophysiology of concussion.

This chapter first describes the physiological underpinnings of the blood oxygen 
level-dependent (BOLD) response measured by fMRI and how it can be altered by 
a concussive insult as well as various analytic considerations. Next, it provides a 
review of research using evoked fMRI paradigms, functional connectivity (fcMRI), 
and multimodal imaging studies that included BOLD imaging component to inves-
tigate the cognitive and psychological sequelae of SRC. The general benefits and 
drawbacks of both evoked fMRI and fcMRI studies are then discussed in the context 
of the SRC literature, including clinical heterogeneity in participant selection crite-
ria, presence of symptoms, variations in scan time post-injury, history of multiple 
SRC, and sub-concussive head impacts exposure.

 fMRI Physiology and Putative Effects of SRC

The ability of fMRI to dynamically measure brain function during higher order 
cognitive and emotional tasks represents a clear advantage relative to other imaging 
techniques that are only capable of measuring structural integrity such as 
susceptibility- weighted imaging (SWI) and diffusion tensor imaging (DTI). 
Moreover, unlike other functional techniques (e.g., electrophysiological [EEG] and 
optical imaging), fMRI is capable of probing both superficial cortical and deep gray 
structures, a powerful advantage given that shear stresses are more likely to accu-
mulate in these regions [18].

The relationship between neurotransmission and resultant hemodynamic activ-
ity, referred to as neurovascular coupling, remains an active area of investigation 
[19]. During intrinsic activity (i.e., at rest, in the absence of evoked activity), the 
cerebral metabolic rate of glucose (CMRglu), cerebral metabolic rate of oxygen 
(CMRO2), and cerebral blood flow (CBF) are tightly coupled to maintain homeosta-
sis [20–22]. Following excitatory neuronal transmission, metabolic demands change 
and energy (glucose) is required to reverse ionic influx that results in depolarization 
while the excess glutamate needs to be rapidly removed from the synaptic cleft 
[23–25]. Astrocytes take up excess glutamate, convert it to glutamine, and release 
vasoactive agents [23], while neurons concurrently release nitric oxide. These 
events likely contribute to vasodilation and a concomitant increase in 
CBF.  Importantly, there is a decoupling between CBF and oxidative metabolism 
following neurotransmission, which leads to an excess of oxygenated blood, a 
decrease in the ratio of deoxyhemoglobin relative to oxyhemoglobin, and a subse-
quent increase in MR signal due to the differences in magnetic properties between 
the two forms of hemoglobin [26]. As such, the BOLD response represents an 
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amalgamation of signals derived from the ratio of oxy-to-deoxyhemoglobin, with 
contributions of CBF, and cerebral blood volume (CBV) [16, 27, 28].

The shape of the BOLD response is also complex, with the canonical hemody-
namic response function (HRF) consisting of two primary components: a positive 
signal change that peaks approximately 4–6  s post-stimulus onset, and a post- 
stimulus undershoot (PSU) that peaks 6–10 s after the stimulus ends [29, 30]. The 
positive phase of the BOLD response has been associated with an increase in CBF 
and a subsequent change in the ratio of oxy-to-deoxyhemoglobin [29]. The bio-
physiological origins of the PSU remain more controversial. An early model attrib-
uted the PSU to temporal delays between when CBF (earlier response) and CBV 
(delayed response) returned to baseline levels [29, 31]. More recent work suggests 
that the duration of the PSU extends beyond the CBV return to baseline [32, 33] and 
may be driven by increased metabolic demands (CMRO2) following neurotransmis-
sion [34–36] or post-synaptic inhibitory activity [37].

SRC can affect the different components of the BOLD response through several 
individual mechanisms as well as combinatory effects. Foremost, the concussive 
injury can result in alterations in synchronous neuronal activity, causing down-
stream effects on BOLD activity by changing the amount of glutamate in the synap-
tic cleft and the energetic needs of cells following neurotransmission [23, 38]. 
Direct support for this hypothesis comes from reports of neuronal loss in animal 
models of fluid percussion injury [39] and abnormal cell signaling [40]. Indirect 
support comes from findings of altered concentrations of glutamate and glutamine 
in the semi-acute and chronic stages of concussion during magnetic resonance spec-
troscopy [41–48].

Concussion has also been shown to directly reduce both CBF and metabolism in 
pediatric and adult athletes, which could affect the BOLD response [49–52]. 
Metabolic failure following concussion occurs even in the presence of normal per-
fusion [53], with an initial decoupling between CBF and CMRglu, followed by a 
generally reduced cerebral metabolism [54]. Animal models suggest that alterations 
in CBF and CMRglu may be the longest-lasting physiological deficits of concussion 
[55], with a handful of studies of athletes suggesting that resolution of CBF abnor-
malities closely mirrors previous reports from preclinical studies [50–52]. However, 
one study of adolescents with SRC showed increased CBF in the left insula and left 
dorsal anterior cingulate cortex (ACC) at 2 weeks post-injury relative to controls, 
with the elevation in the latter persisting up to 6 weeks post-injury. This increase 
was associated with more persistent post-concussive physical symptoms [56]. 
Future research investigating CBF following SRC is needed to better understand its 
role in recovery and vulnerability of the brain to a second concussive impact.

Brain trauma may also directly affect the structural integrity of the microvascu-
lature. Animal models indicate a semi-acute reduction in capillary number and 
diameter both at the injury site and distally [57–59], with other studies suggesting 
that experimental TBI results in alterations to the reactivity of microvessel smooth 
muscle [60]. This latter effect has been confirmed in studies using fMRI and tran-
scranial Doppler ultrasound to measure cerebral vascular reactivity in the acute 
phase of SRC in collegiate athletes [61–63].

11 Functional Magnetic Resonance Imaging in Sport-Related Concussions



224

To complement evoked studies of BOLD activity, researchers are increasingly 
turning to measures of fcMRI to examine neuronal health following SRC using rest-
ing-state scans. Connectivity studies are based on intrinsic neuronal fluctuations that 
synchronously occur over spatially distributed networks in both animals and humans 
[16, 64]. The majority (60–80%) of the brain’s energy resources is expended to main-
tain homeostasis and intrinsic neuronal activity likely contributes to this heavy meta-
bolic load [65, 66]. These intrinsic fluctuations in neuronal activity tend to alias to 
low-frequency fluctuations (0.01–0.10 Hz) in the BOLD signal, and therefore can be 
measured on any MRI scanner with a conventional echo-planar sequence. Several 
different properties of intrinsic activity can be examined including, but not limited to, 
static connectivity, dynamic connectivity, regional homogeneity, and the amplitude 
of low-frequency fluctuations [67]. Previous research indicates changes in baseline 
metabolism following a concussive injury [54] as well as an abnormal slow-wave 
electrophysiological activity during passive mental activity [68, 69], providing the 
biological relevance for fcMRI as a biomarker of concussion.

fcMRI has several advantages over more traditional evoked fMRI studies. 
Foremost, using a relatively simple task (i.e., passively maintaining fixation), it is 
possible to probe the neuronal integrity of the multiple sensory, motor, and cogni-
tive networks that exist in the human brain. This can occur without concerns about 
practice effects or decreased novelty associated with multiple administrations of a 
task, potentially confounding the results. Specifically, a now seminal study from 
Smith and colleagues indicated that intrinsic neuronal activity measured from 36 
participants was organized into distinct networks that mirror activity evoked across 
a variety (30,000 archival data sets) of cognitive challenges [70]. Further, fcMRI 
eliminates the complex requirements for presenting sensory stimuli and monitoring 
motor responses (e.g., interfacing with a computer, projecting stimuli, special non-
ferrous motor response devices), rendering it more feasible for performing clini-
cal scans.

Several limitations need to be considered when analyzing fcMRI data. During 
resting-state scans, participants are simply asked to either fixate on a visual stimulus 
or close their eyes for a relatively brief period (~5–10 min). As such, resting-state 
paradigms have been criticized based on the general lack of control over partici-
pants’ mental activities and the inability to specify what cognitive tasks participants 
performed in the scanner [71]. Similarly, athletes with SRC do not perform difficult 
cognitive tasks during resting-state scans, which may be of greater clinical rele-
vance given that patients tend to report more cognitive problems during difficult 
tasks in everyday life [15, 72, 73]. Another critique of fcMRI studies is that the vari-
ous analytic approaches (e.g., seed-based analysis vs. independent component anal-
ysis vs. graph theory metrics) that are used to parse network activation can result in 
different findings during data analyses of the same subjects [67]. Finally, noise has 
a more direct influence on the correlation coefficient in fcMRI relative to evoked 
signals [74], which can further complicate the interpretation of group-wise results.
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 Analytic Considerations for fMRI Studies

Several analytic considerations should be taken into account when performing 
fMRI research in SRC. Foremost, investigators have traditionally used region of 
interest (ROI) or voxel-wise analyses to compare the BOLD response between con-
cussed and control athletes. However, these analytic methods assume that the het-
erogeneous initial injury conditions (e.g., a blow to the left temple, a blow to the jaw 
with rotational acceleration, a force transmitted to the occipital cortex following an 
indirect impact), result in a homogeneous pattern of gray matter abnormalities that 
would survive group-wise statistics [75]. Indeed, to survive group-wise statistics, 
ROI and voxel-wise analyses assume that there is a high degree of spatial overlap in 
disruptions to BOLD functioning. Although lesions tend to be more common in the 
diencephalon, midbrain, limbic circuit, and prefrontal cortex [13, 76], the premise 
of the spatial overlap assumption is likely to be flawed.

Second, despite the known complexity of the hemodynamic response function 
(HRF), previous studies have typically estimated a single parameter (typically a 
beta coefficient) by convolving a canonical HRF, such as a gamma variate or a 
double-gamma variate function, with known experimental conditions (e.g., onset of 
a particular trial) to derive a predictor function (e.g., regressor). Importantly, this 
assumes that the different components of the HRF (positive phase and PSU) and 
their relationship to each other are unaffected by concussion. Animal models sug-
gest that the acute and sub-acute phases of injury are associated with significant 
disruptions to metabolism and microvasculature, both of which could impact the 
HRF [57, 77, 78]. Although basic visual stimuli were associated with an increased 
volume of activation within the visual cortex in individuals with mild-to- severe 
TBI, there were no differences in the basic shape of the HRF when compared to 
controls. Others reported an earlier time-to-peak, a positive magnitude shift in the 
estimated HRF, and a reduced PSU within the visual cortex and medial temporal 
cortex for semiacute concussed participants relative to healthy controls [79]. 
Additional fMRI studies modeling the full time course of a deconvolved HRF are 
needed to explicitly compare the different components of the HRF as well as their 
individual sensitivity and specificity to provide additional information about under-
lying neuropathology that is not available with more standard fMRI analyses 
(Fig. 11.1).

Third, as previously stated, the BOLD signal is temporally sluggish and repre-
sents an indirect measure of neuronal activity, resulting from a complex mixture of 
many underlying physiological processes. As most of these physiological processes 
may be affected by trauma, it is unfeasible to “isolate” a single biological mecha-
nism that underlies an abnormal BOLD response when fMRI is collected alone 
[80]. This, along with the heterogeneity of SRC, makes the use of multimodal imag-
ing beneficial to understand biological processes, potential covariates, and changes 
over time indexed with imaging techniques through the confirmation of multiple 
sources of information [81]. Indeed, defining recovery based on any single variable 
(i.e., symptom-free) or a single imaging modality potentially risks a premature 
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Fig. 11.1 Evoked BOLD during a multisensory cognitive control task demonstrating the impor-
tance of examining the entire hemodynamic response function (HRF) for abnormalities. Panel (a) 
depicts a priori regions of interest (ROI) within motor circuitry including the left sensorimotor 
cortex (SMC), bilateral supplementary motor area (SMA), and left premotor area (PrMot). ROI 
were derived from a contrast comparing the active trials relative to baseline, collapsing across both 
concussion and control groups. Inflated views of increased activation relative to baseline are 
denoted in warm colors for the lateral medial portions of the left (L) hemisphere, whereas decreased 
activation is denoted in cool colors. Panels (b), (c), and (d) present the percent signal change (PSC) 
values for the entire BOLD HRF within these ROI. Shaded bars indicate the expected peak (dark 
gray; 2.76–6.44 s) and inhibitory (light gray; 9.90–11.04 s) phases of the HRF during a stimulus 
cue presentation, with asterisks denoting significant group differences (concussion group [red 
line] > control group [blue line]) within a phase. Error bars represent the standard error to the 
mean. (Data adapted from Mayer et al. [209])
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return-to-play decision that may put athletes at risk for worse outcomes, should a 
repeat, temporally proximate SRC occur.

Fourth, fMRI signals are critically linked to CBF and the dysregulation of auto-
nomic control of neurovascular coupling. Therefore, investigators may calibrate the 
BOLD signal with arterial spin labeling (ASL) measures of CBF [76, 82–85]. 
Hypercapnic normalization is another frequently used technique that is achieved 
through the administration of CO2, a voluntary breath-hold scan, or more regular-
ized breathing [86, 87]. This method assumes that hypercapnia has a limited effect 
on neural activity and oxygen metabolism and, thus, primarily measures CBF and/
or CVR [88, 89]. Previous results suggest that the hypercapnia method accounts for 
variability in subject vasculature and physiology differences during task perfor-
mance, as well as changes in magnetic field strength [63, 90–92]. In recent years, 
several studies of concussions have observed perturbations in CVR in acute and 
chronic phases of injury [85, 93–96], providing support for calibrating the BOLD 
signal. SRC has also been associated with greater reductions in BOLD activity dur-
ing the early phase of a respiratory challenge task, primarily in frontal and prefron-
tal areas, whereas no significant effects on resting global CBF were observed [61]. 
Collectively, these results highlight the importance of examining neurovascular 
response to physiological stressors after a SRC in conjunction with standard BOLD 
measurements.

 Review of the Current Literature on Functional 
Imaging and SRC

 Review of Evoked fMRI Studies

SRC has been associated with acute and chronic impairments in executive func-
tions/working memory, attention, and memory [8, 97]. fMRI can be useful in exam-
ining the integrity of brain regions or networks underlying these cognitive changes. 
Abnormal brain activation patterns during working memory tasks have been consis-
tently reported in the SRC literature. Seminal studies using the N-back task sug-
gested a complex relationship between cognitive load and functional activation at 1 
month post-injury, with hyperactivation observed within the dorsolateral prefrontal 
cortex (DLPFC) and lateral parietal cortex during moderate load, whereas hypoac-
tivation was observed during low and high loads compared to healthy controls [98, 
99]. More recently, a longitudinal study of university athletes has indicated that 
hyperactivation of the inferior parietal lobe in concussed when compared to the 
control group persisted 2 months post-injury, despite no differences in neurobehav-
ioral performance [100]. Hypoactivation of different brain regions was also observed 
in two studies using similar working memory tasks. Specifically, hypoactivation 
was observed within the DLPFC of athletes with persistent post-concussion symp-
toms [101], and within the ventral ACC, medial temporal gyri, and the occipital 
cortex of both recovered and symptomatic athletes [85]. Overall, these studies 
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provide support for changes in neuronal activity of brain regions implicated in 
working memory following SRC.

Hyperactivation has been reported during other cognitive and motor tasks. 
Specifically, it has been observed within the DLPFC, parietal cortex, and hip-
pocampus during a virtual reality spatial memory task in recently concussed, 
yet asymptomatic athletes, relative to non-concussed controls [102]. Similarly, 
using a sensorimotor coordination and memory task, hyperactivation of fronto-
parietal regions was observed in recently concussed intercollegiate football 
players, even in the absence of differences in neurobehavioral performance 
[103]. Additionally, the increased BOLD response has been documented in 
several brain regions during oculomotor tasks, ranging from the acute to the 
chronic phase of SRC, even in the absence of cognitive alterations [104–106]. 
The degree of hyperactivation may be indicative of a prolonged recovery pro-
file in athletes, particularly when accompanied with sparse and diffuse activa-
tion patterns [107], and suggests the presence of compensatory neural 
mechanisms following SRC [103].

Associations between self-reported symptom intensity and differential activa-
tion patterns within several regions, including the working memory and attention 
networks, have been shown in athletes following SRC [101, 108, 109]. Specifically, 
symptom intensity in concussed athletes was associated with hyperactivation of 
frontal and parietal cortical regions within the first week of injury [109]. In con-
trast, a series of studies from Chen and colleagues found an association between 
persistent post-concussion symptoms and hypoactivation of prefrontal regions 
during visual and verbal working memory tasks [101, 108]. They also reported 
more diffuse activation patterns in the symptomatic athletes relative to controls 
[101], with activation peaks outside the ROIs [108]. Together, these results indi-
cate that persistent symptoms may be predictors of changes in frontal and parietal 
brain activation in the chronic phase of injury.

The possible effects of a history of multiple SRC and repetitive sub-concussive 
impacts on BOLD response are still not well described, with a few published studies 
yielding variable results. Evidence of hypoactivation of left hemispheric language 
regions during a verbal learning memory task was observed in former high school 
athletes with a history of multiple SRC when compared to former athletes who 
never sustained a concussion [110]. Yet, null results have also been reported in 
active high school and college athletes with a history of SRC [111, 112]. Thus, more 
work is needed to fully understand the contribution of multiple concussive injuries 
on the BOLD response. A single study have examined the effect of head impact 
exposure to the BOLD response. High school football athletes with embedded sen-
sors in the helmet to tally the number of head hits throughout the season were 
scanned pre- and post-season. Results indicated that, in the absence of a SRC, ath-
letes with higher numbers of head collision events to the top front of the head, 
directly above the DLPFC, showed hypoactivation within the DLPFC, accompanied 
by cognitive impairments on an N-back task [113].
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 Review of Functional Connectivity Studies

Several fcMRI studies have focused on the default-mode network (DMN), which 
typically includes medial and lateral parietal, medial prefrontal, and medial and 
lateral temporal cortices [17]. The DMN is believed to mediate a variety of mental 
activities such as episodic memory recall and future-oriented thought processes that 
occur during periods of unconstrained mental activity and therefore is typically 
associated with deactivation during evoked tasks [114, 115]. SRC studies of the 
DMN connectivity in the acute and sub-acute phases of injury have shown inconsis-
tent results, with one study showing hyperconnectivity [116], while another study 
did not find differences between concussed and controls unless participants under-
went a physical stress challenge [117]. There is also evidence of changes in resting- 
state networks from playing a single season of football in children and adolescents 
[118], with the delta power spectrum of the DMN providing a good classification 
accuracy between youth athletes in the low and the high head impacts exposure 
group [119].

Multiple fcMRI studies using whole-brain analysis have documented acute 
[120], sub-acute [121, 122], and persistent [123–125] differences between con-
cussed athletes and controls following SRC in additional networks outside the 
DMN, including areas underlying memory, attention, and executive functions. 
Differences in regional homogeneity (ReHo), a metric of local connectivity, have 
also been observed at 1 month post-concussion, but not at more acute time points in 
a large cohort of collegiate athletes relative to healthy contact sports athletes [126]. 
Similar results were found in a study of network-based statistics and average nodal 
strength [127]. In contrast, alterations of ReHo in the middle and superior frontal 
gyri, areas associated with the DMN, have been observed in concussed athletes 24 h 
post-injury [128]. A recent study indicated acute elevations in ReHo in frontal 
regions that are typically associated with the DMN, whereas other resting-state met-
rics, such as average nodal strength, and the relative amplitude of slow oscillations 
of resting-state fMRI (fractional amplitude of low-frequency fluctuations; fALFF), 
did not show differences between concussed athletes and controls [67]. Moreover, a 
history of multiple SRC and exposure to repetitive, yet sub-concussive head impacts 
from contact sports participation has been associated with fcMRI.  For instance, 
increased connectivity between the areas in frontal cortices, hippocampus, and cin-
gulate cortices was observed in football players with a history of multiple SRC rela-
tive to healthy controls without football or concussion history [129].

All of these studies analyzed fcMRI from a static connectivity perspective that 
computes the average functional coupling among the brain regions across a scan 
length. More recent studies have used dynamic functional analysis, where the focus 
is on the dynamic evolution of fcMRI during the entire scan [130, 131]. Such an 
approach enables the extraction of additional information regarding abnormalities 
in neural network communication, which may be complementary to findings from 
static connectivity analyses (Fig. 11.2). This approach was used in two studies of 
SRC. One study showed that at time of return to play, concussed athletes with both 
higher symptom intensity and prolonged recovery had altered scale-free dynamics 
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Fig. 11.2 Exemplar data depicting both static and dynamic functional connectivity in cohorts of 
adult mTBI patients and matched healthy controls. Panel (a) depicts the 53 intrinsic connectivity 
networks (ICN) derived across both mTBI and control participants following group independent 
component analysis. Individual ICN are clustered into seven overarching networks: subcortical (SC; 
6 ICN); default mode network (DMN; 10 ICN); sensorimotor (SM; 8 ICN); visual (VS; 10 ICN); 
auditory (AD; 3 ICN); cerebellum (CB; 2 ICN); and cognitive control (CC; 14 ICN). Sagittal (X), 
coronal (Y), and axial (Z) slice locations are presented according to the Montreal Neurological 
Institute system. The color-coding for each ICN within each of the seven major networks is pre-
sented within Panel (b), as well as t-statistics representing independent sample comparisons of static 
(above diagonal) and dynamic (below diagonal) functional connectivity (fcMRI) across the two 
groups. Individual labels include: L, left; R, right; pDMN, posterior default mode network; MeFG, 
medial frontal gyrus; SFG, superior frontal gyrus; PCC, posterior cingulate cortex; ACC, anterior 
cingulate cortex; AG, angular gyrus; MFG, middle frontal gyrus; IPL, inferior parietal lobule; PHG, 
parahippocampal gyrus; IFG, inferior frontal gyrus; aInsula, anterior insula; CC, cingulate cortex; 
pre-SMA, pre-supplementary motor area; SPL, superior parietal lobule; PreCG, precentral gyrus; 
PoCG, postcentral gyrus; SMA, supplementary motor area; PCL, paracentral lobule; STG, superior 
temporal gyrus; MTG, middle temporal gyrus; pInsula, posterior insula; FFG, fusiform gyrus; LG, 
lingual gyrus; MOG, middle occipital gyrus; SOG, superior occipital gyrus; IOG, inferior occipital 
gyrus. ** indicates different upper/lower t-limits (3.7 for static; 3.9 for dynamic). Panel (c) presents 
the pair-wise Pearson correlation values (r), while panel (d) presents the standard deviation (SD) of 
the pair-wise Pearson correlation values across the 126 sliding windows, for concussion (under 
diagonal) and control groups (above diagonal). (Data adapted from Mayer et al. [210])
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relative to control athletes [132]. Further, differences in dwell times for multiple 
connectivity states were also observed between former athletes with a history of 
multiple SRC and healthy controls that did not report a SRC [133]. Thus, this 
dynamic connectivity may provide an additional avenue to study changes related to 
SRC and additional studies are needed.

In summary, multiple fcMRI metrics have shown sensitivity to SRC, with studies 
reporting abnormalities in static and dynamic functional connectivity at various 
time points post-concussion, such as acutely and at time of return to play, with con-
flicting evidence of prolonged abnormalities that may be explained by the use of 
different connectivity metrics. Based on these studies, fcMRI appears to be well 
poised for interrogating connectivity within all major structures and networks of the 
brain following SRC.

 Added Value of Multimodal Imaging

Multimodal MRI studies have indicated concomitant alterations of perfusion, func-
tion, chemistry, and brain microstructure at various time points after SRC [134–
138]. Recent studies in SRC suggested that group-based differences in BOLD 
activity may be driven by a mixed effect from vascular and metabolic origins, pro-
viding support for the use of multimodal MRI imaging [85, 139]. Specifically, con-
comitant alterations of DMN connectivity and increased cerebrovascular reactivity 
(CVR) (Fig. 11.3), a measure of vasculature integrity, have been observed in college 
athletes a few months post-concussion when compared to healthy controls [139]. 
Further, a recent study using a working memory paradigm found both reduced 
BOLD activation and reduced CVR in the ventral ACC and the medial temporal 
gyri in concussed athletes 4 months post-concussion relative to the control group, 
supporting the idea that concussion is associated with both vascular and neural dys-
function [85]. The combination of evoked fMRI and event-related potentials (ERPs) 
can also add valuable information on brain function, as it can afford both high spa-
tial resolution and temporal fidelity. Following a concussion, the decreased BOLD 
signal has been associated with abnormal ERPs [140, 141], again supporting that 
alterations in vascular and neuronal response may be simultaneous.

Finally, a series of multimodal studies of SRC by Churchill and colleagues have 
highlighted the variability among imaging indices that is consistent with the hetero-
geneous nature of SRC [134, 142, 143], with time-varying changes in diffusion, 
function, and CBF being observed. Interestingly, the changes were more prominent 
when the symptoms are most severe, and the recovery was slow [134, 142].

 Psychiatric Sequelae of SRC and fMRI

Functional MRI can also help better understand the underlying neural correlates of 
the development and recovery of psychiatric symptoms in concussed athletes [144]. 
The relationship between SRC and psychiatric sequelae has been well documented 
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[128, 145–147], showing elevated symptoms acutely, with partial recovery of psy-
chiatric symptoms within a month of the injury [148, 149]. The potential for long- 
term psychiatric consequences of SRC remains an important area of study, as a 
higher incidence of psychiatric symptoms has been shown in retired, professional 
athletes with a history of SRC compared to those with no reported concussion [150–
154]. However, prospective, longitudinal studies are needed to better understand 
potential moderators and mediators of this relationship.

While premorbid psychopathology and psychosocial changes related to SRC 
(e.g., loss of position, lack of support from the team) can result in prolonged psychi-
atric symptoms [2, 144, 145, 155], biologically based disruptions of the emotional 
processing neural networks can also contribute [148]. Mesocorticolimbic and 
frontal- subcortical networks and/or their white matter connections may be directly 
or indirectly affected through shearing forces or inflammation [13, 156]. Additionally, 
the stress response as a result of SRC engages the sympathetic nervous system and 
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Fig. 11.3 Data depicting the use of BOLD imaging to detect changes in cerebral vascular reactiv-
ity (CVR) in a cohort of pediatric concussion patients and controls. Panel (a) depicts a main effect 
of group for increased maximal voxel-wise fit to a subject-specific, variably time-delayed ETCO2 
regressor matrix (red: p < 0.001; yellow: p < 0.0001) for concussed participants relative to healthy 
controls during a hypercapnia challenge. Displayed regions of interest (ROI) include the right (R) 
anterior corona radiata (aCR), R superior longitudinal fasciculus (SLF), posterior thalamic radia-
tion (pTR), and R thalamus and posterior internal capsule (Thal/pIC). Similarly, Panel  (b) depicts 
a main effect of group for increased latency to maximal voxel-wise fit in the ETCO2 matrix in 
RBOI that include the left (L) dorsolateral prefrontal cortex (DLPFC), R SLF, L temporoparietal 
junction (TPJ), bilateral (B) precuneus (PCun), and L ventral visual stream (VV). Coordinates for 
select axial (Z) and sagittal (X) slices are given according to the Talairach atlas. Panels (c) and (d) 
display box and scatter plots of the Fisher’s Z (maximal fit; c) and latency (d) for select ROI region 
in each group (concussion: red; controls; blue). (Data adapted from Dodd et al. [94])
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the hypothalamic-pituitary-adrenal (HPA) axis [82, 83, 157–159], resulting in fur-
ther dysregulation of emotional processing networks [160–162].

fMRI studies of SRC have elucidated brain regions and networks that may be 
implicated in psychiatric disturbance [128, 148, 163, 164]. Specifically, a longitu-
dinal study showed decreased fcMRI between the DMN and attention regions was 
observed at 1 day post-injury in collegiate athletes, with improvement at 1 month 
post-injury above levels in the non-injured, control group, suggesting the pres-
ence of compensatory neural response to injury [148]. In the more chronic phase 
of injury, whole-brain analysis revealed that concussed athletes with depressive 
symptoms showed less activation of the prefrontal and limbic regions during a 
working memory task relative to non-depressed concussed athletes and con-
trols [163].

Overall, these fMRI studies have shown that prefrontal regions, limbic regions, 
and the DMN are some of the most susceptible regions to SRC, areas that are also 
implicated in increased psychological symptoms [128, 148, 163, 164]. DMN abnor-
malities have been theorized to be associated with rumination and self-referential 
thinking, which may link DMN alterations to psychological symptoms [128, 148]. 
However, causal relationships remain unclear and are likely multifactorial [164].

 Overarching Issues in fMRI Research in SRC

As alluded to in the preceding sections, several potential confounds need to be care-
fully considered when performing and evaluating fMRI studies of SRC. Some com-
mon clinical confounds include injury-related pain (orthopedic), fatigue, poor 
effort, other comorbid medical and psychiatric conditions, and the presence of pre-
scribed medications (e.g., narcotics or sedatives) that may alter neurovascular cou-
pling or complicate the interpretation of BOLD response [165–167]. Some 
non-specific somatic (e.g., pain and fatigue) or medication confounds can be 
reduced or eliminated by recruiting orthopedically injured patients as control par-
ticipants [168–170]. Some psychosocial factors may be specific to athletes [171], 
thus including healthy athletes as the control group may be a better comparison than 
community controls. Additionally, it is impossible to disambiguate whether differ-
ences in BOLD response result from trauma-induced alterations in neurophysiol-
ogy, from task-performance differences (e.g., accuracy or reaction time), or a 
combination of these effects. Interpretation of data from task-based studies is also 
frequently complicated by learning and/or practice effects, which are minimal dur-
ing passive rest, providing support for the usage of fcMRI [172–174].

Developing methods for improving the nosology of SRC and understanding of 
symptom trajectory will be critical for coalescing disparate neuroimaging findings. 
Currently, there is no single definition or set of diagnostic criteria for SRC [2, 175] 
or clinical recovery [176]. For example, an athlete who was only dazed following a 
blow to the head and an athlete who was unconscious for 20 min with a large sub-
dural hematoma can both be classified as having suffered from SRC under current 
nosology [1, 177]. Additionally, differences between SRC and non-SRC may exist, 
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which can complicate the interpretation of results of studies with mixed samples. 
While the acute clinical presentation is similar [97, 178], a recent fcMRI study 
revealed reduced connectivity in the anterior cingulate cortex and posterior cingu-
late cortex hubs of the DMN in athletes when compared to non-athletes following a 
concussion [179]. Other groups have observed a decreased fcMRI in athletes that 
could result from a history of multiple SRC or high exposure to repetitive, sub- 
concussive head impacts [118, 180, 181]. Based on these studies, athletes appear to 
be a different population because of the inherent risks associated with sports 
participation.

Furthermore, the nature of SRC itself is heterogeneous, given the variety of clini-
cal features, anatomical location, mechanism of injury, and recovery trajectories 
[81, 175, 182–184]. Heterogeneity can also arise in SRC as different sports, player 
positions, and skill levels can be associated with different injury characteristics 
[175] and, therefore, with potential differences in neuroimaging. For instance, foot-
ball has been associated with translational forces while boxing has been associated 
with greater rotational forces which may put boxers at a greater risk for traumatic 
axonal injuries [175, 185]. Further, a recent study of cognitively unimpaired former 
collegiate and professional football players suggests that career duration and pri-
mary playing position seem to modify the effects of a history of multiple SRC on 
white matter structure and neural recruitment [186].

fMRI data collection is costly and recruitment of SRC patients who meet strict 
inclusion criteria (e.g., homogeneous in both injury severity and time since injury 
with no pre-existing neurological or psychiatric disorders) is challenging. The com-
bination of these factors has resulted in another methodological challenge, namely 
the utilization of small sample sizes despite the inherently low signal-to-noise ratio 
of fMRI [38, 187]. Specifically, the majority of fMRI studies following SRC have 
been reported with sample sizes just at or below commonly accepted recommenda-
tions based on statistical power. As a result, these studies may likely be underpow-
ered, suffering from low positive predictive power, and providing poor estimates of 
the true effect size [187, 188] and potentially contributing to conflicting findings. To 
combat the problem of small sample sizes, funding agencies have recently devel-
oped standard clinical definitions, common data elements, and informational plat-
forms for creating community-wide data-sharing initiatives (e.g., Federal 
Interagency Traumatic Brain Injury Research; FITBIR). These efforts should accel-
erate research in this critical area by permitting the pooling of data for meta-analy-
ses, such as recently occurred with the ENIGMA [189] and the NCAA- DoD CARE 
consortium [67] initiatives.

Finally, while fMRI itself can provide objective information about SRC, fMRI 
studies may still use self-report measures to establish a diagnosis and gain informa-
tion on post-concussion symptoms. Importantly, symptom self-report may vary as a 
function of the sample with SRC populations being associated with the risk of 
under-reporting neurobehavioral symptoms to return to play faster [190–193], 
whereas other concussion samples may over-report symptoms [194, 195], espe-
cially in the presence of potential financial compensation [196]. Multiple sociologi-
cal barriers may account for the under-reporting of symptoms ranging from lack of 
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education regarding the seriousness of SRC for parents, players, and coaches, hesi-
tancy to report symptoms that do not result in significant pain, desire not to be 
removed from play, and stigmatization of concussion as an invisible, non-real injury 
[190, 193, 197, 198]. The peer pressure to continue to play and not report an injury 
is particularly important in vulnerable populations such as children who may not 
comprehend and underestimate the risks involved in continued participation, and in 
low socioeconomic areas where participation is perceived as a path to future benefit 
[199–201]. Additional pressures are on the coaching staff who may feel pressured 
to win and underestimate the risk of returning a player to the field prematurely 
[202–204].

 Conclusion

Sport-related concussion presents diagnostic and prognostic challenges for many 
reasons, especially because of the heterogeneity of clinical presentation and mecha-
nism of injury. The past two decades were marked by a collective scientific effort to 
identify and develop biomarkers of SRC, which propelled research using advanced 
imaging measures. fMRI provides researchers with the ability to non-invasively 
measure the functional integrity and modulation of neuronal circuitry following 
SRC at relatively high spatial resolution. Evidence of alterations of brain activation 
has been observed in the acute, sub-acute, and chronic phases of injury, with the 
intensity of post-concussion symptoms and the number of remote SRC being asso-
ciated with more alterations. Further, research shows group differences in both 
evoked and resting-state activity were observed for concussed athletes who were 
asymptomatic and declared ready to return to play when compared to controls.

An important feature of SRC is the potential for repeated concussions over the 
course of an athletic event, a season, or a lifetime. Regardless of the sociological 
factors, under-reporting of symptoms can lead to premature return-to-play decisions 
and put players at risk for exacerbated outcomes related to the occurrence of mul-
tiple SRC [154, 205–207]. In athletes, the body of literature presented herein sug-
gests that neuronal recovery may lag behind the recovery of behavioral and cognitive 
symptoms, emphasizing the need for objective biomarkers of when it is truly safe to 
return to play [12]. Although fMRI studies have provided insights into the brain 
dysfunctions stemming from SRC, the use of multiple metrics and multimodal 
imaging will be necessary to fully grasp the multifaceted and time-dependent pat-
tern of neuropathology due to the neurometabolic cascade of concussion [54, 208]. 
This will be especially true as future studies may attempt to utilize fMRI to aid in 
the premortem diagnosis of chronic traumatic encephalopathy, a neurodegenerative 
disorder that has been associated with a history of multiple SRC and high exposure 
to sub-concussive insults (CTE).

In summary, SRC is associated with a complex, multifaceted, and time- dependent 
pattern of pathologies due to the neurometabolic cascade of concussion [2, 55]. 
Although advanced neuroimaging is still in its infancy for detecting pathophysio-
logical markers of trauma, fMRI has helped to reshape our understanding of the 
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neuropathological effects associated with SRC. Given the heterogeneity inherently 
associated with concussion research [14, 175], well-powered studies with more 
homogeneous inclusion criteria (time post-injury, injury severity, symptomatic sta-
tus, history of SRC, sports, and position) are critically needed for truly understand-
ing the underlying pathophysiology and natural recovery course of the injury.
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Sports-Related Subconcussive Head 
Trauma
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 Introduction

Sports-related concussion (SRC) and subconcussive head trauma have received a lot 
of attention, not only in the scientific and medical communities, but in the public as 
well. Widespread media coverage and several high-profile cases have brought into 
question the damaging and long-term effects of sports-related traumatic brain injury 
(TBI) [1]. Specifically, there has been a broad range of neurodegenerative diseases 
and processes that include postconcussion syndrome, posttraumatic stress disorder, 
cognitive impairment, chronic traumatic encephalopathy (CTE), and dementia 
pugilistica that have been linked to repetitive sports-related head injury of any kind 
[2]. Research exploring the neuropsychological, neurophysiological, and biome-
chanical effects of SRC has increased dramatically over the past 20  years [3]. 
Although still in its infancy, research into the effects of subconcussive head trauma 
and repetitive head impacts has also begun to grow. The increased understanding of 
the damaging effects from SRC and subconcussive head trauma has led to changes 
in sport policy. Despite the growing research, there remain knowledge gaps and an 
incomplete understanding of the short-term and long-term effects of subconcussive 
head impacts. Continuous exposure to repetitive subconcussive head impacts sus-
tained over a career has been linked to changes in behavior and neurodegenerative 
diseases [4]. Traumatic brain injury (TBI) is referred to as the “silent epidemic,” as 
many of the physical, cognitive, behavioral, and emotional symptoms go unrecog-
nized [5]. TBI is not only a major health concern in the United States but is also the 
leading cause of disability worldwide [6].
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There is growing concern in clinical practice regarding the immediate and long- 
term effects of multiple and frequent subconcussive blows in athletes participating 
in full contact sports. These effects, in terms of neurocognitive, behavioral, and 
underlying neural substrates, have not been sufficiently studied. In particular, con-
cern is growing about the effect of subconcussive impacts on the head and how it 
may adversely affect cerebral functions [7–9]. Subconcussive blows are below the 
threshold to cause a concussion [10] and do not elicit any clinically identifiable 
concussion signs or symptoms [7–9]. Despite not producing any concussion-related 
signs and symptoms, subconcussive head impacts should not be overlooked. Animal 
and human studies have shown that even though these subconcussive blows do not 
result in apparent behavioral alterations, they can cause damage to the central ner-
vous system [2, 11]. Moreover, subconcussive impacts still have the potential to 
transfer a high degree of linear and rotational acceleration forces to the brain [12]. 
Alterations in brain gray matter microstructure and neuropsychological deficits 
have been shown to correlate with the incidence of exposure to subconcussive head 
impacts during the participation in contact sports [3]. Unlike concussions, subcon-
cussive blows go undiagnosed and are not assessed by medical professionals during 
a game or practice. Biomechanical research has revealed the staggering numbers of 
subconcussive head impacts athletes may receive over the course of a season and a 
career [1, 13]. Furthermore, postmortem studies have identified that repeated sub-
concussive impacts may have an accumulative effect [10]. It has been hypothesized 
that these frequent and repetitive subconcussive impacts exacerbate the cognitive 
aging process by reducing the cognitive reserve at an accelerated rate and lead to 
altered neuronal biology that may not present itself till later in life [14]. Recent 
neuroimaging studies have shown that brain injury does not only come from con-
cussive episodes but exposure to subconcussive blows can also cause pathophysio-
logical changes in the brain [15]. Similar to the research focused on concussion and 
mild traumatic brain injury (mTBI), the current literature on subconcussive head 
trauma is limited and study results are often mixed [16]. However, deeper investiga-
tions into SRC have revealed that subconcussive head trauma is a significant cause 
of acute and chronic functional and structural changes in the brain [17].

 Animal Models of Subconcussive Head Trauma

It has been known since the late nineteenth century that repeated mild blows to the 
head in animal experiments could be lethal, even though there was no evidence of 
structural brain damage [18]. Initial animal models investigating the effects of sub-
concussive insults revealed that following a single subconcussive blow, there were 
no behavioral and histologic changes, yet repetitive subconcussive head trauma 
resulted in permanent injury [19]. Fujita et  al. [20] reported that repetitive sub-
threshold head trauma did not cause axonal or vascular changes in the rat. In an 
early experiment looking at concussion in the rat, it was noted that following sub-
concussive blows, the animals showed signs of “posttraumatic amnesia” [21]. 
Additionally, Govons et  al. [21] reported that subconcussive blows produced 

B. D. Johnson



251

convulsions in some of the rats, elicited altered activity for 24 h, and that the impact 
caused the animal to be momentarily stunned. Subconcussive head trauma has 
shown to decrease the polarizability of the cerebrum, although not to the extent of a 
full concussive blow [22]. Tedeschi [18] reported that repetitive subconcussive 
blows received over a short duration in a rat model elicited a higher incidence of ill 
effects. Furthermore, postmortem examination of these rats revealed widespread 
evidence of neuronal injury, myelin loss, and glial proliferation. Other studies of 
subconcussive head trauma have reported neuropsychological changes and ionic 
fluctuations which have been hypothesized to leave the brain more vulnerable to a 
repeated injury [23]. In another animal study investigating the effects of subconcus-
sive head trauma induced by a mild lateral fluid percussion, Shultz et al. [10] found 
that such an injury caused acute neuroinflammation, despite any significant axonal 
injury, or cognitive, emotional, or sensorimotor alterations. Specifically, they docu-
mented a short-term increase in microglia, macrophages, and reactive astrogliosis 
which returned to normal at a 4-week follow-up. Acute neuroinflammation has also 
been documented in other animal and human studies of TBI. Repetitive mTBI, simi-
lar to neuroinflammation, may have cumulative effects leading to neurodegenera-
tion [10] and has been linked to behavioral impairments after TBI [24]. Conversely, 
it has been thought that neuroinflammation may have a neuroprotective quality [25] 
and the brain may be better protected following an initial TBI [26]. Complementary 
to this notion of neuroprotection, it has also been reported that by gradually increas-
ing the amount of brain injury, animals could tolerate trauma that would otherwise 
kill normal animals. This so-called trauma resistance was attributed to a stabiliza-
tion of metabolic processes [27] and the idea of preconditioning has been well- 
documented for cerebral ischemia [28]. Although postmortem studies have identified 
that repeated subconcussive head trauma may have an accumulative effect and lead 
to neurodegenerative diseases [10], Slemmer and Weber [28], using a mechanical 
stretch to simulate mTBI in hippocampal cell cultures, found that when the tissue 
was preconditioned they observed a significant decrease in S-100B, indicating a 
positive effect of glial preconditioning. Moreover, Allen et al. [26] reported a rat 
model of repetitive mTBI preconditioning served to preserve motor function fol-
lowing a severe TBI and also elicited activation of secondary sites in the brain that 
may aid in recovery. More recently, utilizing an experimental mouse model of sub-
concussive head trauma, Tagge et al. [29] demonstrated neuropathological changes 
in the form of axonopathy, disruption of the blood-brain barrier, astrocytosis, and 
microgliosis. They also reported that the presence of focal phosphorylated tauopa-
thy was detected in the acute phase of injury. These animal studies give evidence 
that subconcussive blows to the head are enough to cause injury to the brain.

 Biomechanical Studies of Subconcussive Head Trauma

Biomechanical studies focusing on subconcussive head trauma have allowed for the 
quantification of the number of subconcussive impacts athletes are exposed to. 
These studies have also shown that significant amounts of force are transmitted to 
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deep midbrain and brainstem structures, that does not result in concussion or loss of 
consciousness [30]. Characterizing repetitive head impacts by biomechanical prop-
erties of frequency, linear acceleration, rotational acceleration, jerk, force, impulse, 
and impact duration, Broglio et al. [31] found that many variables including player 
position, location of impact, and practice versus game all contribute to the inhomo-
geneity of subconcussive trauma. Miyashita et al. [32] reported a similar variation 
in the biomechanical characteristics of repetitive head impacts in collegiate lacrosse 
players due to player position and session type. Moreover, session type has been 
identified as an important variable in the frequency of subconcussive exposure on 
account of the intensity of games, compared to practice demonstrating a higher 
incidence of these impacts [33, 34]. Adding to the variability of the biomechanical 
properties of subconcussive head impacts, there are also differences based on the 
sport being played. Comparing peak accelerations between football, ice-hockey, 
and soccer, Nauheim et al. [35] reported that peak accelerations in ice-hockey were 
significantly higher than those in football and substantially higher than those mea-
sured in soccer players. Furthermore, biomechanical studies report that forces like 
momentum and energy transfer associated with heading the soccer ball are far less 
than those found in football, boxing, hockey, and other full contact sports [36]. With 
the advent of new technologies, like the Head Impact Telemetry System (HITS) and 
wearable sensors, tracking the number and quantification of forces at impact has 
become more feasible. In a recent study, Broglio et al. [12] used the HITS to mea-
sure and record head impacts in 95 high school football players over a 4-year period 
of time. The results of this study highlighted the number of blows to the head an 
athlete is exposed to over the course of a season as well as the high degree of linear 
and rotational acceleration forces sustained during these impacts. Probably, the 
most shocking data to come out of these studies are the sheer quantity of subconcus-
sive impacts endured during the course of a season, let alone an athlete’s career. 
This number can be in the thousands, with one study reporting players sustaining 
over 1400 subconcussive blows over the course of a single season [37]. Tracking 
1208 high school and collegiate football players over the course of a season, 
Beckwith et  al. [38] found that players sustaining a concussion received more 
impacts and impacts of higher force on days they were diagnosed with a 
SRC. Consequently, a recent laboratory study of football helmets found that current 
varsity helmets are less protective to their older leather helmet counterparts when it 
comes to subconcussive blows [39].

Subconcussive hits do not only occur in collision sports like football, ice-hockey, 
and rugby. Soccer is a contact sport and chronic traumatic brain injury (CTBI) has 
been well documented in the literature [40]. During an average game, a soccer 
player heads the ball 6–12 times, which is estimated to be over 5000 headers for a 
15-year career [11, 36]. However, most of the documented cases of concussion in 
soccer occur due to the players head contacting another player’s head, the ground, 
or the goal post, not from purposeful heading [41]. The repeated subconcussive 
blows that are incurred from heading the soccer ball account for many clinical 
symptoms that span the spectrum from headache to brain damage and can also lead 
to alterations in acute and chronic cognitive functions [11]. It has long been known 
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that heading of the soccer ball could produce “footballer’s migraine” [42]. Analyzing 
the blood levels of nerve growth factor (NGF) and brain-derived neurotrophic factor 
(BDNF) of 17 male soccer players before and after a bout of heading training, 
Bamac et al. [43] measured significant changes in both NGF and BDNF concentra-
tions. Measuring blood levels of the neuroprotein S-100B, which is used as a bio-
marker to indicate brain damage, Mussack et al. [44] reported transient elevations 
following a dedicated training session of controlled heading in 61 soccer players. 
The S-100B levels did return to baseline levels 6  h after the heading session. 
Increases in S-100B concentrations have also been reported from pregame to post-
game in football players [45]. Furthermore, biomechanical studies of full-blown 
concussive episodes have gone to great lengths to quantify and identify a threshold 
of concussion to no avail [46], as this is very difficult given the fact that each SRC 
is different [47]. These biomechanical studies illustrate the sheer volume and poten-
tial harmful effects from subconcussive head impacts.

 Cognitive Assessment of Subconcussive Head Trauma

Exposure to subconcussive impacts that do not result in any clinically identifiable 
concussion signs or symptoms is a controversial topic, as researchers and clinicians 
are divided on their true effects. Some research has shown that subconcussive head 
trauma may have minimal impact on cognitive functions [48], although there is 
mounting evidence that subconcussive blows have detrimental effects on cognitive 
and cerebral functions [7, 15]. It has been hypothesized that exposure to repeated 
and multiple subconcussive blows throughout an athlete’s career may compromise 
cognitive function [49]. It is becoming more apparent that brain injury does not only 
come from concussive episodes, but that the accumulation of these subconcussive 
blows may be detrimental [50]. A history of multiple concussions and subconcus-
sive blows has been linked to depression, cognitive deficits, and progressive neuro-
pathologies that include neurofibrillary tangles and deposits of amyloid plaques 
seen in Alzheimer’s disease [51].

A majority of the literature that exists on acute and chronic sports-related sub-
concussive head trauma has been focused on soccer, as purposeful heading repre-
sents a form of repetitive subthreshold mild brain injury [36]. In a preliminary study, 
it was found that out of 77 retired Norwegian professional soccer players, 50% 
reported symptoms linked to heading and 75% suffered from disorientation, head-
ache, and nausea [52]. Further studies by Tysvaer et al. used electroencephalograph 
(EEG) to evaluate professional soccer players. They found that 35% of the partici-
pants had abnormal EEGs and 70% displayed some form of neurological impair-
ment [52, 53]. In addition to these findings, neuropsychological testing (Wechsler 
Adult Intelligence Scale) of the same soccer players revealed significant differ-
ences, compared to controls with one-third of participants’ scores low enough to 
suggest evidence of organic brain damage [54]. Matser et al. [55] reported signifi-
cant deficits in a neuropsychological assessment of amateur soccer players associ-
ated with heading. Specifically, they reported impaired performance in memory, 
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planning, and visual perception processing that was exacerbated by the number of 
previous concussions a player had sustained. Downs and Abwender [56] reported 
that subjects with a long history of soccer heading demonstrated slower patterns of 
motor speed and reaction time. Another study looking at purposeful heading by 
Witol and Webbe [9] revealed that players with the most reported number of headers 
had the lowest attention, concentration, and IQ scores. Decreased reaction time and 
reduced speed performing a motor task have been documented, when assessing the 
effects of concussive and subconcussive head trauma in soccer [49, 56, 57]. Although 
there is evidence that a long career, which accounts for many instances of heading 
the soccer ball, can lead to impaired brain function, it is not clear whether or not this 
increased likelihood is caused by numerous subconcussive blows or from full-blown 
concussive episodes [41]. Jordan et  al. [58] found that there was a correlation 
between a history of concussion with increased symptoms in the United States 
national soccer team players and may suggest that full-blown concussions, as com-
pared to repetitive subconcussive impacts, may be the cause of encephalopathic 
changes. But it seems evident in the literature that a long soccer career, which 
amounts to a higher frequency of heading and accumulation of subconcussive 
blows, contributes to impairments in cognitive function [41, 59]. However, in a 
review by Rutherford et al. [16] on neuropsychological testing and purposeful head-
ing in soccer literature, they raise certain methodological concerns with a majority 
of the studies. They conclude that there is preliminary evidence that full-blown con-
cussive episodes can have deleterious effects based upon neuropsychological exam-
ination, whereas the effects of subconcussive impacts on neuropsychological tests 
await more supporting evidence. Not all studies on heading in soccer have reported 
neuropsychological deficits [42]. In a recent study, Kontos and colleagues [60] used 
computerized testing in the form of Immediate Post-Concussion Assessment and 
Cognitive Testing (ImPACT) to test 63 adolescent soccer players. All subjects under 
study had no current (less than 3 months) history of concussion and were placed 
into one of the three groups based upon the number of documented headers as 
observed by the researchers over the course of two practices and games. Their 
results showed no significant differences between the low-, moderate-, and high- 
frequency heading groups on computerized neuropsychological assessment. 
However, the authors did note that the males showed lower scores on verbal mem-
ory, visual memory, and motor processing, compared to female participants. This 
decreased performance was attributed to differences based upon sex, even though 
males headed the ball more often than females.

Similar to the studies looking at the chronic effects of repetitive subconcussive 
head trauma, initial research looking at the acute effects has produced mixed results. 
Schmitt et al. [41] tested postural control and recorded subjects’ self-reported symp-
toms immediately and at 24 h following a controlled session of intentional soccer 
ball heading. They found that prior to, immediately following, and at 24 h after the 
40-min session of heading, there were no differences in postural control between 
the heading group and a control kicking group. Despite not finding any significant 
difference in postural control, there was an increase in concussion-related symp-
toms reported by the heading group immediately following the session which 
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resolved before the 24-h follow-up. The main complaints were headache, dizziness, 
and feeling lethargic. This reported finding was similar to that of Tysvaer [61] who 
found that 10 min following a session of purposeful heading, all subjects reported 
suffering from a headache. Consistent with these findings, Mangus et al. [62] and 
Broglio et al. [63] found no significant acute changes in balance following a session 
of purposeful heading. In a recent study by Rieder and Jansen [64], they took sub-
jects and divided them into three groups to investigate the effects that a bout of acute 
heading would have on neuropsychological examination. The three groups con-
sisted of subjects exposed to aerobic training and purposeful heading drills, the 
second group consisted of subjects only doing the aerobic training, and the third 
group did not exert themselves physically before neuropsychological testing. 
Neuropsychological testing was performed 1  week prior to training session and 
immediately after. The results showed no differences between groups and/or any 
deficits caused by heading drills. However, there was a higher incidence of head-
ache during and after in the heading cohort, which the authors attributed to the most 
minor form of head trauma, cranial contusion, which is associated with local or 
diffuse transient headache. However, Putukian et al. [65] did not report any differ-
ences in self-reported symptoms and cognitive function in a pilot study after a soc-
cer training session that included heading. Therefore, symptoms from subconcussive 
blows may be shorter lived and only detectable immediately after insult. Investigating 
the role of concussion history on the neurocognitive effects of subconcussive 
impacts using the Automated Neuropsychological Assessment Metrics, Forbes 
et al. [66] found no significant differences between the experimental and control 
group of female high school soccer players. Although the number of headers 
recorded for both groups was almost identical (24.9 and 24.3), it was far less than 
the incidence of subconcussive blows documented in other contact sports. Several 
other studies looking at the effects of heading in soccer report no significant changes 
in neuropsychological testing following exposure to repetitive head impacts [65, 
67–69]. Employing the use of a computerized tablet, Zhang et al. [70] devised a 
variant of common eye tracking research, prosaccade, and antisaccade by having 
participants point toward a target (Pro-Point) or point to the opposite target (Anti- 
Point). Eye tracking research has been shown to be more sensitive in picking up 
cognitive and functional deficits, compared to standard neuropsychological testing 
[71–73]. In their study, Zhang et al. [70] tested 12 female high school soccer players 
following practice that included heading of the soccer ball. No difference was seen 
between the soccer group, compared to sex and age-matched control group on the 
Pro-Point task. Although the Anti-Point task, like the antisaccade task used in eye 
tracking studies, showed that subjects in the soccer group who were exposed to 
heading demonstrated significantly slower response times, compared to the control 
group. Following head injury, oculomotor deficits are common and impaired eye 
movements have been documented in concussion and postconcussion syndrome 
[71]. Although deficits in eye movement have been documented in concussion, little 
work has been done to study oculomotor function in subconcussive head impacts. 
Using a cohort of 12 high school football players, Zonner et al. reported oculomotor 
dysfunction in the form of increased near point of convergence (NPC) during the 
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beginning of the season that was associated with exposure to subconcussive head 
impacts [74]. This study supported the previous findings of Kawata et al. [75] that 
also reported increases in NPC, following the completion of a competitive colle-
giate football season.

In an early study of boxers, Heilbronner and colleagues [76] were the first to 
demonstrate changes in cognitive function immediately following a fight when 
compared to a prefight assessment. Specifically, they noted a decline in verbal and 
incidental memory, and noted that numerous subconcussive blows may be more 
deleterious than less frequent full-blown concussions, as the number of rounds a 
boxer fights better predicts the development of encephalopathy, compared to the 
number of knockouts. In a study by Ravdin et al. [68] investigating the effects of 
subconcussive blows, boxers were administered neuropsychological examinations 
before a fight, after the fight, and at a 1-month follow-up session. They noted that at 
1-month postfight, neuropsychological performance had increased beyond baseline 
assessment taken prior to the fight, which was attributed to pre-bout training that 
included sparring and weight loss. Repetitive subconcussive head trauma has been 
hypothesized to be the main cause of neurocognitive dysfunction in boxers and that 
the accumulation of subconcussive blows may lead to cognitive deterioration of 
brain function [77].

Shuttleworth-Edwards and Radloff [78] investigated the differences between 
rugby players and athletes involved in noncontact sports and found that rugby play-
ers had a poorer performance on visuomotor processing speed. Additionally, they 
subdivided the rugby players into two groups, based upon the frequency of the posi-
tions to be exposed to subconcussive head trauma. This within-group analysis 
revealed that the group that regularly receives more subconcussive impacts dis-
played lower scores on the digit symbol substitution visuomotor task. Interestingly 
enough, it has been reported that despite a five times greater frequency of head 
injuries, rugby players outperform soccer players in neuropsychological testing 
[79]. Additionally, Parker et  al. [49] found that the subjects exposed to repeated 
subconcussive blows in football, rugby, and lacrosse showed increased medial–lat-
eral sway in their gaits. In a study by Killam et al. [80] examining athletes with and 
without a history of concussion and athletes recovering from concussion to a control 
group without any history of head trauma, researchers concluded that subconcus-
sive head trauma seen in contact sports produces subclinical cognitive impairments. 
Similarly, Stephens et al. [69] performed neuropsychological testing on adolescent 
soccer and rugby players. They reported no evidence of neurological dysfunction in 
both the soccer and rugby players, when compared to their noncontact counterparts. 
Although no individual had suffered a recent (within the past 3 years) head injury, 
those with a previous concussion showed poorer performance on attention mea-
sures. Looking at several quality-of-life measures including: executive function, 
anxiety, depression, emotional and behavior dyscontrol, fatigue, and sleep distur-
bances, Meehan III et al. [81] found no association of previous concussion in ath-
letes aged 40–70 who had participated in collegiate collision sports.

In a recent study by Miller et al. [48], a neuropsychological assessment of col-
legiate football players via the Standardized Assessment of Concussion (SAC) and 
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the ImPACT was performed at three time intervals: preseason, midseason, and post-
season. No subjects under study received a clinically diagnosed concussion, yet 
they were exposed to numerous subconcussive blows throughout the season. There 
were no significant decreases in the overall SAC and ImPACT scores reported, yet 
significant improvements in visual memory and reaction time were noted. Recently, 
Talavage et  al. [15] reported changes in cerebral functions attributed to multiple 
subconcussive impacts, as evidenced by declines in the visual working memory in 
high school football players in the absence of clinical signs of concussion. Although 
it is common for football players to report headaches following practice, it is not yet 
known whether this is a posttraumatic phenomenon or caused from subconcussive 
impacts [82]. However, when looking at 282 high school athletes competing in 
high-contact sports like football and low-contact sports like soccer, Tsushima et al. 
[83] found significantly worse performance in processing speed and reaction time in 
the high-contact group, compared to the low-contact group. Jennings et  al. [84] 
found no significant effects of repetitive head impacts on Child-SCAT3 (Sport 
Concussion Assessment Tool) scores for youth football players. Similarly using 
ImPACT and SAC neurocognitive tests, Miller et al. [48] reported no significant 
changes in scores for 58 collegiate football players exposed to subconcussive 
impacts during preseason, midseason, and postseason testing. While neurocognitive 
testing is an important part of the return-to-play process, it may not be specific 
enough to detect the smaller changes in neurocognition that can be caused by sub-
concussive head impacts.

 Neuroimaging of Subconcussive Head Trauma

Few reports in the literature have found any gross structural differences in the brain 
following concussive or subconcussive head trauma, as evaluated by computed 
tomography (CT) and standard magnetic resonance imaging (MRI). CT and con-
ventional MRI for the most part are usually found to be normal following concus-
sion, as it is more of a metabolic reaction to trauma than a structural injury [85]. 
Although, their use can be invaluable in ruling out more serious injuries like skull 
fractures and hemorrhages. However, one study that looked at boxers longitudinally 
saw evidence in 13% of the boxers of progressive brain injury, as well as several 
boxers presenting with cortical atrophy and cavum septum pellucidum (Fig. 12.1) 
[86]. Another CT study evaluating soccer players saw an increase in cerebral atro-
phy and ventriculomegaly in 27% and 18% of the professional soccer players, 
respectively [52, 53]. With the advent of newer MRI techniques, there is hope they 
will have a higher sensitivity and specificity for detecting brain injury caused by 
subconcussive trauma. These more advanced MRI techniques (Fig. 12.2) like func-
tional magnetic resonance imaging (fMRI), magnetic resonance spectroscopy 
(MRS), diffusion tensor imaging (DTI), and susceptibility-weighted imaging (SWI) 
may offer promise in providing some insight into the injured brain, due to concus-
sion and subconcussive head trauma [2]. Experiments utilizing fMRI to study the 
short-term and long-term effects of subconcussive repetitive head trauma are 
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growing. Talavage et al. [15] took 11 high school football players and performed an 
fMRI visual working memory paradigm and baseline neuropsychological testing. 
They found that the number of collisions was significantly correlated to changes in 
the subject’s fMRI activation. Using resting state functional magnetic resonance 
imaging (rs-fMRI), Abbas et al. [87] reported functional connectivity differences in 

a b c

Fig. 12.1 Example of cavum septum pellucidum on (a) axial T2-weighted, (b) axial T1-weighted, 
and (c) coronal T1-weighted MRI
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Fig. 12.2 Example of (a) fMRI, (b) MRS, (c) DTI, (d) ASL, and (e) SWI neuroimaging techniques
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the default mode network (DMN) between football players sustaining repetitive 
head impacts over the course of the season, compared to noncollision athlete con-
trols. Furthermore, differences in functional connectivity were seen between pre-
season and postseason rs-fMRI scans, indicating the presence of long-term brain 
changes from these impacts. Looking into the effects of acute exposure to subcon-
cussive head impacts in rugby, Johnson and colleagues [88] reported differences in 
resting state functional connectivity between pregame and postgame scans 
(Fig. 12.3). Specifically, they observed increased connectivity from the left supra-
marginal gyrus to bilateral orbitofrontal cortex and decreased connectivity from the 
retrosplenial cortex and dorsal posterior cingulate cortex. Furthermore, an analysis 
based on concussion history revealed that players with a prior history of concussion 
exhibited only decreased functional connectivity following exposure to subconcus-
sive head trauma, while those with no history showed increased connectivity. 
Similarly, work by Abbas et  al. [87, 89] has shown short-term changes in brain 
activity following exposure to subconcussive head impacts. These changes observed 
with fMRI and rs-fMRI show a trend that as the number of subconcussive head 
impacts increases, there are larger changes in brain activation patterns [90, 91]. 
Using seed-based connectivity analysis of rs-fMRI, Slobounov et al. [92] revealed 
changes in functional connectivity to right and left isthmus of the cingulate cortex 
and left hippocampus in collegiate football players over the course of a single season.

Research using DTI to assess white matter integrity in the brain following expo-
sure to subconcussive head impacts has also increased (Fig. 12.4). Much of the DTI 
research that has been done to date has focused mainly on measuring changes in 
DTI metrics from preseason to postseason in males participating in high school and 
collegiate football. These studies have yielded mixed results in detecting significant 
changes in fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity 
(RD), and axial diffusivity (AD). Bazarian et al. [93] took a cohort of nine high 
school student athletes and performed DTI preseason and postseason at an interval 
of 3 months apart and, using accelerometers, showed that the subjects sustained 
between 26 and 399 subconcussive impacts. One subject received a concussion dur-
ing the season and demonstrated the highest number of voxels in the white matter 
with significant change in FA and MD from pre- to postseason. The subconcussive 
group showed the next highest number of voxels with significant FA and MD 
changes, with most subjects displaying an increase in FA and a decrease in MD. In 
contrast, Chappell et al. [94] reported an increase in apparent diffusion coefficient 
(ADC) and a decrease in FA in the deep white matter of 81 professional boxers. 
They inferred that these abnormalities reported may reflect the cumulative effects of 
repetitive subconcussive head trauma. Similarly, using DTI, Koerte et  al. [95] 
reported widespread differences in white matter integrity between a small cohort of 
soccer players with no previous concussive episode, compared to swimmers. 
Specifically, they observed significantly increased RD in several major white matter 
tracts including the corpus callosum. Using the Head Impact Telemetry System 
(HITS™), Davenport et  al. [96] monitored 24 male high school football players 
over the course of a season. In addition, the subjects underwent preseason and post-
season assessment via ImPACT and DTI. Correlation analysis revealed a significant 
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Fig. 12.3 Differences in functional connectivity between rugby players with no history of con-
cussion (a) and history of previous concussion (b) showing areas of increased functional connec-
tivity (cool colors) and decreased functional connectivity (warm colors). (From Johnson et al. [88])
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Fig. 12.4 Examples of DTI analysis with whole-brain normalized white matter tracts (a) and 
region of interest white matter tracts (b)
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linear relationship between changes in fractional anisotropy and the combined com-
ponents of the risk-weighted cumulative exposure to subconcussive head impacts. 
Decreases in FA have been reported in the inferior longitudinal fasciculus, forceps 
minor, forceps major, cingulum, corpus callosum as well as whole-brain white mat-
ter [97–101]. Increase in FA have also been observed in the parietal lobe, prefrontal 
white matter, and whole-brain white matter [99, 102, 103]. This variety of findings 
is also seen in studies reporting MD, RD, and AD DTI metrics [95, 104–110]. 
Confounding the literature even more, some studies report no significant differences 
in DTI metrics [92, 106, 111].

Fewer imaging studies have utilized magnetic resonance spectroscopy (MRS) to 
investigate neurometabolite changes in the brain following exposure to subconcus-
sive head impacts (Fig. 12.5). Results from these studies also show mixed results. 
Koerte et al. [112] used MRS to evaluate the long-term effects of repetitive head 
impacts by scanning 11 retired professional soccer players and reported significant 
increases in choline (cho) and myo-inositol (mI) which are markers for cell mem-
brane metabolism and glial health. An MRS pilot study of retired professional ath-
letes with a known exposure to concussions and subconcussive head trauma revealed 
a significant increase in choline (Cho) and glutamate/glutamine (Glx) concentra-
tions [113]. Bari et al. [114] reported significant decreases in Glx metabolites in 
both male football players and female soccer players. However, Chamard et  al. 
[115] reported no significant changes in neurometabolite concentrations from 

Fig. 12.5 Examples of MRS metabolite maps for NAA/Cho in a concussed athlete showing dif-
ferences in NAA/Cho homogeneity between the right and left frontal white matter regions
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pre- to postseason in male ice-hockey players, but a significant decrease in NAA/Cr 
in female ice-hockey players. This highlights the importance of gender as an impor-
tant confound when looking at the SRC and subconcussive literature.

Looking at CTBI in boxers, Bailey and colleagues [116] used transcranial 
Doppler ultrasound to assess cerebral hemodynamic function. Specifically, the 
authors looked at dynamic cerebral autoregulation, cerebrovascular reactivity to 
changes in carbon dioxide (CVR CO2), and orthostatic tolerance in 12 current pro-
fessional male boxers, compared to 12 male nonboxers matched for age and physi-
cal fitness levels. Results of this study revealed neurocognitive dysfunction and 
impaired cerebral hemodynamic function, compared to the control group. The CVR 
CO2 metric was also correlated with the amount of sparring training the boxers had 
undergone, not the number of competitive bouts. This study was the first to demon-
strate that cerebral hemodynamic function is compromised in CTBI. The authors 
contributed this hemodynamic and neurocognitive impairment to the mechanical 
trauma, mostly in the form of subconcussive impacts, experienced from sparring 
during a career in boxing. Measuring cerebrovascular reactivity in 26 female high 
school soccer players revealed significant changes in the frontotemporal region of 
the brain that did not return back to baseline levels till 8 months after the end of the 
season [117]. Similarly, Champagne et al. documented decreases in cerebral blood 
flow (CBF) and impaired cerebrovascular reactivity in the DMN [118]. Slobounov 
et al. [92] utilizing a multimodal imaging approach showed significant increases in 
global CBF measured by arterial spin labeling (ASL). They also reported that 44% 
of the players exhibited outlier rates of regional decreases in SWI signal. These 
changes measured by rs-fMRI, ASL, and SWI were associated with players receiv-
ing more high G force impacts. Use of advanced neuroimaging techniques, espe-
cially when combined in a multimodal approach, has the potential to characterize 
the neuropathology of subconcussive head trauma and offer valuable insight into its 
acute and chronic effects.

 Conclusion

Impacts to the head in collision sports are unavoidable, and as serious as concussion 
is, subconcussive impacts happen much more often. These subconcussive head 
impacts are now being implicated as a source for the deterioration of cerebral struc-
tures and function later in life [12]. Despite being labeled as subconcussive, sub-
threshold, or subclinical, it is apparent that athletes in contact sports are subjected 
to an alarming number of these impacts. Contradictory to what the “subconcussive” 
moniker may imply, subconcussive impacts have shown the ability to cause brain 
injury [11]. Although the full effect of subconcussive blows on the brain is not 
known, there is a research focus to understand the immediate and long-term effects 
they may have [50]. It is important for future research to focus not only on concus-
sive blows, but on varying degrees of head trauma that include subconcussive 
impacts, as well as time intervals between repetitive sports-related head trauma [2]. 
Furthermore, empirical evidence suggests that a history of concussion leads to an 
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increased susceptibility to sustain recurrent concussions [119, 120] and further 
study is needed to explore the effects that subconcussive head trauma may have on 
those with a history of prior concussion and those without [121]. It appears that like 
the current SRC literature the research around subconcussive head impacts remains 
inconsistent with mixed findings. However, it is not hard to believe, despite the 
overall lack of agreement based on neuropsychological and neuroimaging mea-
sures, that subconcussive impacts can cause microstructural and biochemical 
changes in the brain [37]. Nonetheless, as the research on subconcussive head 
impacts continues to evolve, so do the policies related to player safety.
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Biomarkers for Concussion

Linda Papa

 Introduction

 Path Toward 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, at times, neuroimaging. Early and tailored management of ath-
letes following a concussion can provide them with the best opportunity to avoid 
further injury. Brain-specific biomarkers measured through a simple blood test 
could complement the clinical evaluation of concussion and potentially guide man-
agement decisions [1–5]. The pursuit of these elusive markers has been most intense 
over the last decade [6–8]. Previously, 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 and the effects of head 
acceleration events.

The degree of brain injury depends on the primary mechanism/magnitude of 
injury, secondary insults, and the patient’s genetic and molecular response. 
Following the initial injury, cellular responses and neurochemical and metabolic 
cascades contribute to secondary injury which may evolve over the ensuing hours 
and days. These secondary insults can be mediated through physiologic events 
which decrease the supply of oxygen and energy to the brain tissue or through a 
cascade of cytotoxic events mediated by molecular and cellular processes. The 

L. Papa (*) 
Department of Emergency Medicine, Orlando Regional Medical Center, Orlando, FL, USA 

University of Central Florida College of Medicine, Orlando, FL, USA 

University of Florida College of Medicine, Gainesville, FL, USA 

Florida State University College of Medicine, Tallahassee, FL, USA 

Department of Neurology and Neurosurgery, McGill University, Montreal, QC, Canada

13

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-75564-5_13&domain=pdf
https://doi.org/10.1007/978-3-030-75564-5_13#DOI


272

release of brain injury biomarkers is not a static process. Studying the time course 
of a biomarker is critical to optimizing timing and clinical use. The time course (or 
temporal profile) may be affected by source of the sample, lesion type (mass lesion 
versus diffuse injury) and location, concomitant extracranial injuries (fractures, 
solid organ injuries), secondary insults, and individual patient physiology. 
Biomarkers could reflect these secondary insults as well as blood-brain barrier dis-
ruption. Complicating the release of biomarkers is the potential for extracranial 
sources of release after trauma. In cases when the biomarkers are released from 
tissues other than the brain, caution must be taken when interpreting results. For 
instance, S100β can be released from soft tissues, cartilage, and bone after trauma 
and may not accurately reflect brain injury [9, 10]. Furthermore, individual physiol-
ogy and pre- existing disease states, such as kidney or liver disease, may alter the 
metabolism or clearance of a given biomarker.

Key features that would make concussion biomarkers clinically useful include 
the following: (1) a high sensitivity (come from the brain) and specificity (low or 
undetectable in blood in non-injury 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 treatment; (6) the ability to predict functional outcome; and 
(7) be easily measured [8, 11].

To follow is a review of the most widely studied proteomic biomarkers for mild 
TBI and concussion in humans. Proteomic biomarkers are often represented by their 
neuroanatomic location in the central nervous system including astroglia (GFAP, 
S100β) and neuronal cells, with specific areas of the neuron such as the cell body 
(UCH-L1) and axon (Tau, neurofilament) (Fig. 13.1). 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-L1)

 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 is used as a histological marker for glial cells. 
Ubiquitin C-terminal hydrolase-L1 (UCH-L1) is a protein in neurons that is involved 
in the addition and removal of ubiquitin from proteins that are destined for metabo-
lism and is used as a histological marker for neurons [12, 13].

The specificity of GFAP and UCH-L1 for detecting brain injury has been exam-
ined in a number of studies. 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 computed tomography 
(CT) scans [10, 14, 15]. In these studies, trauma control patients were exposed to 
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significant trauma including the acceleration-deceleration vectors of motor vehicle 
collisions and substantial falls. Both GFAP and UCH-L1 showed a graded response 
to the severity of injury from uninjured to orthopedic trauma, to mild and moderate 
TBI. However, GFAP appears to be the most brain-specific in the setting of poly-
trauma with substantial extracranial injuries and fractures [2, 3, 9, 10, 14–16].

The temporal profiles of GFAP and UCH-L1 over a week following a mild trau-
matic brain injury have been clearly described in a large cohort of emergency 
department trauma patients. GFAP consistently identified concussion over 7 days. 
GFAP also detected with good accuracy traumatic intracranial lesions on head com-
puted tomography (CT) and neurosurgical intervention over a week [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 concussion diagno-
sis within a week of injury [15]. In contrast, UCH-L1 rose rapidly within 30 min of 
injury and peaked at 8 h after injury and decreased steadily over 48 h with small 
peaks and toughs over 7 days – making UCH-L1 a very early marker of concus-
sion [15].

Over the last decade, glial fibrillary acidic protein (GFAP) and ubiquitin 
C-terminal Hydrolase (UCH-L1) have been found in several distinct studies to 
detect traumatic intracranial CT scan lesions and predict neurosurgical intervention 
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Fig. 13.1 Proteomic biomarkers are often represented by their neuroanatomic location in the 
central nervous system including astroglia (GFAP, S100β) and neuronal cells, with specific areas 
of the neuron such as the cell body (UCH-L1) and axon (Tau, neurofilament). A novel group of 
promising TBI markers include transcriptomic biomarkers called microRNAs
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in adults with mild to moderate TBI [10, 14, 15, 17–20]. More recently, these find-
ings have been replicated in children [2, 3, 21, 22]. 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 CT scan within 12 h of injury [23]. The approval was 
based on the ability to find lesions on a CT scan 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
Computed tomography (CT) is the standard imaging modality for assessing damage 
in TBI during the acute phase of injury. CT scan can detect macroscopic traumatic 
lesions such as skull fractures, intracranial hematomas, contusions, subarachnoid 
hemorrhages, and swelling. However, the more subtle injuries associated with mild 
TBI are often not demonstrated by this imaging modality. This discrepancy is evi-
denced by the lack of CT abnormalities in patients with cognitive, physical, and 
behavioral dysfunction following a mild TBI. Therefore, CT does not have suffi-
cient sensitivity to detect damage incurred in mild TBI. This group of TBI patients 
represents the greatest challenge to accurate diagnosis and outcome prediction. 
Metting et al. found that patients with axonal injury on MRI, but not CT, had ele-
vated GFAP levels. Similarly, Yue et al. assessed GFAP in mild TBI patients with a 
negative CT scan and found GFAP was able to detect MRI lesions with an area 
under the curve of 0.78 despite the CT scan not showing any lesions [24]. UCH-L1 
was not examined in either of these studies.

A significantly understudied group in whom biomarkers are rarely examined are 
individuals who experience head trauma without symptoms of concussion. 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 symptoms associated with con-
cussion. Such injuries have been referred to as subconcussive injuries or head accel-
eration events. 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 [25–27]. The issue of subconcussive trauma has been a particu-
lar concern in military personnel [28] and in athletes, as repetitive subconcussive 
impacts have the potential for long-term deleterious effects [27, 29, 30]. To address 
this deficiency, a recent study evaluated how GFAP and UCH-L1 behave in subcon-
cussive 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 non-concussive trauma (Fig.  13.2). 
Although blood levels of both GFAP and UCH-L1 showed incremental increases 
from body trauma (lowest levels), to head trauma without concussion (higher levels 
than body trauma), to concussion (highest levels), GFAP was much better in distin-
guishing between the groups than UCH-L1. UCH-L1 was expressed at much higher 
levels than GFAP in those with non-concussive trauma, particularly in children, 
suggesting that UCH-L1 is either not completely brain-specific or ultrasensitive to 
subtle impacts [22]. In athletes, UCH-L1 has shown elevations in both concussive 
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[31] and subconcussive trauma [32]. However, these results are not consistent in all 
studies [33, 34].

 Other Potential Proteomic Biofluid Biomarkers of Concussion

A systematic review of biomarkers in sports-related concussion showed that there 
have been at least eleven different biomarkers assessed in athletes [5]. Besides 
GFAP and UCH-L1, other potential biomarkers include S100β, neuron-specific 
enolase, tau, neurofilament, amyloid beta, and brain-derived neurotrophic factor. 
Some correlate with the number of hits to the head (soccer), acceleration/decelera-
tion forces (jumps, collisions, 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.
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Fig. 13.2 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. (c) Temporal profile of GFAP and UCH-L1 in trauma patients with 
concussion. Means with error bars representing SEM. GFAP, glialfibrillary acidic protein; UCH- 
L1, ubiquitin C-terminal hydrolase. (Taken from Papa et al. [22])
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 S100β
S100β is expressed in astrocytes and helps to regulate intracellular levels of cal-
cium. It is considered a marker of astrocyte injury or death. Of note, it can also be 
found in cells that are not neuronal such as adipocytes, chondrocytes, and mela-
noma cells and, therefore, it is not brain-specific [35, 36]. Despite this, S100β is one 
of the most extensively studied biomarkers for TBI [4, 5, 37].

A number of studies have found correlations between elevated serum levels of 
S100β and CT abnormalities in adults and children [4, 38]. Elevated concentrations 
of S100β in serum have been associated with increased incidence of post- concussive 
symptoms, problems with cognition, and traumatic abnormalities on MRI [39–43]. 
However, there are also a number of studies negating these findings [16, 44–46]. 
Similarly, several studies have shown that serum S100β increases after concussive 
[31, 47, 48] and subconcussive brain injury [34, 49, 50]. However, a number of stud-
ies have shown a poor association with other prognostic parameters [33, 46, 51]. 
Peripheral sources of S100β complicate its use as a brain-specific marker, particu-
larly in the setting of polytrauma. S100β has been shown to be elevated in injured 
patients with peripheral trauma who have had no direct head trauma [2, 10, 52]. 
Since many of these results have been inconsistently reproduced, the clinical value 
of S100β in TBI, particularly mild TBI and concussion, is still controversial. Despite 
these inconsistent findings, S100β has been approved for use by TBI patients 
in Europe.

 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 and with an increased chance 
of an intracranial injury on head CT [56]. However, these findings were not repro-
ducible when C-Tau was measured in peripheral blood in mild TBI [57]. Two addi-
tional studies showed that C-Tau was a poor predictor of 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 intra-
cranial injury [59]. However, they were not able to detect milder injuries.

In 2014, a study of professional hockey players showed that serum T-Tau out- 
performed S-100B and NSE in detecting concussion at 1 h after injury and that 
levels were significantly higher in post-concussion samples at all times compared 
with preseason levels [48]. T-Tau at 1 h after concussion also correlated with the 
number of days it took for concussion symptoms to resolve. Accordingly, T-Tau 
remained significantly elevated at 144 h 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) is also being 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]. The 

L. Papa



277

P-tau level has been shown to outperform the T-tau level in distinguishing CT posi-
tive from CT negative 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) side-arms [64]. 
Following TBI, calcium influx into the cell contributes to a cascade of events that 
activates calcineurin, a calcium-dependent phosphatase that dephosphorylates 
neurofilament side-arms, presumably contributing to axonal injury [65]. 
Phosphorylated NF-H has been found to be elevated in the 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 h 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 about and subsequently decreased following 3  months of rest. 
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 repet-
itive subconcussive head impacts compared to baseline levels, however, only after 
24 h of the 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 timepoints [71].

 Transcriptomic Biomarkers

 MicroRNAs as the Next Generation of Biomarkers for Concussion

Initial exploration of TBI biomarkers began using animal models. These models 
have been helpful in providing histologic and pathophysiologic information 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 stud-
ied as the next generation of biomarkers for many diseases and disorders such as 
cancer, 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 cerebrospinal fluid, serum, and urine and are relatively stable 
at variable pH conditions, resistant to repeated freeze thaw and enzymatic degra-
dation. Due to these properties, miRNA has advantages over protein-based mark-
ers. The utility of miRNAs 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 biomarkers 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 signa-
tures 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 alterations (miR-182-5p, miR-221-3p, 
miR-26b-5p, miR-320c, miR-29c-3p, and miR-30e-5p) that distinguished chil-
dren with TBI from healthy controls [75]. In a study by the same group, 52 chil-
dren 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 
neurocognitive functioning over the course of a season in those with no concus-
sions [78]. The study found significant elevations in circulating miRNA mea-
sured before the athletic season began and prior to any contact practices. All the 
players had significantly elevated levels compared to non-athlete controls 
(p < 0.001) suggesting residual circulating miRNA biomarkers from prior con-
cussive and subconcussive impacts [78, 79]. Pre-season 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 func-
tion 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 to 72 h after sports-related concussion that correlated with reac-
tion time on ImPACT testing and predicted concussion better than other protein 
biomarkers [80].
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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.
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Genetics in Concussion

Alexa E. Walter

 Concussion and the Role of Genetics

Concussion, or mild traumatic brain injury (mTBI), is a heterogenous brain trauma 
that is currently challenging to clinically diagnose and treat. mTBI, or sport-related 
concussion (SRC), is defined as a traumatic brain injury induced by biomechanical 
forces with common features including (a) a direct blow to the face, head, neck, or 
body with force transmitted to the head; (b) rapid onset of short-lived impaired 
neurological function that resolves spontaneously; and (c) a range of clinical symp-
toms that may or may not involve the loss of consciousness [1]. These injuries are 
diagnosed by medical providers, typically using the individual’s subjective report-
ing of symptoms as the vast majority of computerized tomography and magnetic 
resonance imaging findings are negative [2]. The large majority of individuals 
recover from the injury within 7–10 days [3]; however, there is a growing popula-
tion (10–20%) whose recovery is more delayed and develops into post-concussion 
syndrome [4].

Premorbid status has been shown to affect both risk [5] and recovery of SRC [6]. 
Risk of concussion has been associated with prior concussion history, participation 
in collision sports for men, participation in soccer for women, being female, age, 
and previous history of migraine headache (for a review see [5]). More well studied 
are premorbid characteristics and their role in recovery; however, these findings are 
very mixed (for a review see [6]).

Due to the heterogeneity of this injury, it has been assumed that genetic variabil-
ity may play a role in the evolution of injury. The increased susceptibility to injury 
or different patterns of recovery after an injury has become a recent area of research 
in this field. The role of genetics has been well documented in Alzheimer’s disease 
[7], Parkinson’s disease [8], amyotrophic lateral sclerosis [9], and severe traumatic 
brain injury [10], but the link to concussion or mTBI is still relatively unknown. 
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Therefore, this chapter only focuses on the link of genetics to concussion or mTBI, 
including both the link to the previous history of injury/risk of injury or to an indi-
vidual’s recovery after injury.

 Brief Biology of Genetics

Individuals inherently have variation in their DNA, called polymorphisms, due to 
alterations in the sequence. These polymorphisms are defined as one of two or more 
variants of a particular DNA sequence. The most common type of polymorphism 
involves variation at a single base pair, termed single-nucleotide polymorphisms 
(SNPs) (Fig. 14.1). The majority of polymorphisms do not affect gene function; 
however, some can change gene expression or function.

SNPs are the simplest form of genetic differences, altering one single nucleotide 
pair and commonly occur in an individual’s DNA (one in every 1000 nucleotides). 
These SNPs can occur in the exons (coding regions) or introns (non-coding regions) 
thereby affecting the resulting protein in different ways (Fig. 14.2). While SNPs are 
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commonly used when studying genetics, other methods exist as well. Variable num-
ber tandem repeats (VNTRs) are short sequences of DNA (20–100 bp) repeated in 
tandem, while short tandem repeats (STRs) are sequences of DNA, normally 
2–7  bp, that are repeated in tandem. Genome-wide association studies (GWAS) 
study the entire genome and identify all variable SNPs. GWAS is currently the most 
inclusive way to study genetics.

While all of these methods are feasible experimental techniques, the use of SNP 
analysis in this field is by far the most common. To our knowledge, no GWAS stud-
ies have been done to date on mTBI or concussion, somewhat limiting the potential 
utility of these findings in the larger context of understanding injury. The following 
text aims to summarize the current status of the literature involving SNP or VNTR 
genotypes and their association with concussion or mTBI in both athletic and mili-
tary populations.

 APOE

Apolipoprotein E (APOE) is the most studied gene in relation to concussion and 
mTBI. apoE (the protein) binds to various fats to form a lipoprotein which then 
packages cholesterol and other fats and carries them through the bloodstream. It is 
the major apolipoprotein produced in the central nervous system and is synthesized 
by astrocytes and microglial and during times of stress, neurons [11]. It exists in 
three isoforms coded by three alleles (ε2, ε3, ε4) [12, 13], and ε4 has been the focus 
of much neurological research.

In regard to the risk of obtaining a concussion or mTBI, there are mixed findings 
on the involvement of APOE. When examining the role of ε4 (rs7412 and rs429358) 
in military populations, Dretsch and colleagues ran two studies, one studying 231 
soldiers [14] and the other on 438 soldiers [15], and found no link between genotype 
and previous mTBI history. There are numerous studies examining the link between 
ε4 and concussion history in college-aged athletes. The majority found no signifi-
cant link [16–21], while one study (n = 1056) found that the ε4 allele was associated 
with a reduced risk of concussion [22]. Only one study, however, reported a signifi-
cant association between a history of concussion and having all of the APOE rare 
alleles [18].

When examining the APOE G-219T promoter region (rs405509) in college ath-
letes, Cochrane and colleagues found no relationship to previous concussion history 
[20]. However, Abrahams and colleagues when studying rugby players found that 
the TT genotype was associated with reduced concussion susceptibility [19]. 
Contradictory, Terrell and colleagues demonstrated in 195 college athletes that the 
TT genotype was associated with a threefold increase in risk for the history of con-
cussion and a fourfold increased odds of concussion with loss of consciousness 
[17]. Tierney and colleagues also reported an association between the promotor 
minor allele (T allele) and experiencing more than two previous concussions [18].

Additional work has been done examining the link between the presence of the 
ε4 allele and recovery after injury. A study examining outcomes in children and 
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adolescents demonstrated a link between ε4 allele and lower GSC scores but no dif-
ference in neurocognitive ability or symptom presentation [23]. In studies on col-
lege athletes, Cochrane and colleagues (n = 250) demonstrated that individuals with 
the ε4 allele had slower reaction time, as measured by the ImPACT test, compared 
with non-ε4 carriers. There were no differences in cognitive results with the SNP for 
APOE G-219T promotor [20].

Work by Merritt and colleagues also demonstrated changes in neurocognitive 
scores with the presence of the ε4 allele. There were no differences when examining 
mean neurocognitive standardized scores; however, individuals with the ε4 allele 
had a greater number of impaired scores post-injury and had greater variability in 
their scores [24]. Furthermore, the same group of researchers showed that the pres-
ence of the ε4 allele can affect symptoms presentation post-injury, with those indi-
viduals with ε4 allele presenting with a higher severity of symptoms [25, 26].

 BDNF

Brain-derived neurotrophic factor (BDNF) is involved with neuronal survival 
through its role in the growth and maturation of neurons [27]. Elevated BNDF activ-
ity level has the potential to restore neural connectivity and facilitate neuroplastic 
changes leading to adaptive repair [28]. In particular, the Met allele has been associ-
ated with abnormal storage and secretion of BDNF [29].

A study on college athletes (n = 87) revealed no relationship between BDNF and 
previous history of concussion [21]. Two studies involving military personnel dem-
onstrated that individuals with the Met/Met genotype had an increased lifetime his-
tory of concussion (n = 231 [14] and n = 458 [15]).

 DRD

Dopamine receptors (DRD) are G protein-coupled receptors involved with dopa-
mine transmission and therefore are implicated in many processes including moti-
vation, learning and memory, and fine motor control [30]. DRD2 and DRD4 are 
the more commonly studied variants of this gene. DRD2 encodes the D2 subtype 
of the dopamine receptor, involved in the inhibition of adenylyl cyclase [31] and 
DRD4 encodes the D4 subtype of the dopamine receptor, involved in the inhibi-
tion adenylyl cyclase [32]. They have been linked to various neurological and 
psychiatric concisions, including schizophrenia, Parkinson’s disease, impulsivity, 
and attention-deficit hyperactivity disorder [33].

In a study on 250 college athletes, Cochrane and colleagues found no link 
between DRD2 genotype (rs1800497) and concussion history or neurocognitive 
performance [20]. Similarly, in studies of military personnel, Drestsch and col-
leagues also found no association between DRD2 genotype and prior concussions 
[14, 15].
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A study by Abrahams and colleagues examined the role of both DRD4 
(rs1800955) and DRD2 (rs12364283 and rs1076560) on previous concussion his-
tory; 301 rugby athletes from high school (junior) and professional (senior) teams 
demonstrated that the DRD4 CC genotype was associated with decreased concus-
sion susceptibility in the junior players. Furthermore, the TT and CT genotypes 
were associated with lower reward dependence behaviors in both the junior and 
senior players. The DRD2 genotypes alone were not related to previous concussion 
history; however, when the combination of DRD2 alleles (A – C – C) was used they 
were associated with decreased concussion susceptibility in junior players [19].

 COMT

Catechol-O-methyl transferase (COMT) is involved with the breakdown of dopa-
mine in the prefrontal cortex [34, 35]. It plays a critical role in cell death, cellular 
dysfunction, and central nervous system inflammation and seems to be associated 
with impulsivity [20, 33].

When examining the link to previous concussion history, studies on college ath-
letes revealed no link of genotype (rs4680) to previous concussion history [20, 21]. 
There was found to be a link to neurocognitive performance with individuals with 
Val/Val genotype having worse impulse control scores, as measured by ImPACT, as 
compared to Met-carrying individuals [20].

 Interleukins

Interleukin 6 (IL6) is a pro-inflammatory cytokine and anti-inflammatory myokine 
secreted by T cells and macrophages. It is heavily involved in the immune responses 
as well as involved in encoding a pleiotropic cytokine involved in inflammation and 
maturation of B cells [36, 37]. The C allele has been associated with lower levels of 
IL6 while the G allele is associated with higher levels [10, 38]. It has been impli-
cated in mTBI pathology as it can suppress post-injury neuroinflammation, neuro-
nal injury, and motor coordination deficits [39].

A study on 1056 college athletes demonstrated a significant association between 
the CC genotype for the IL-6 receptor (rs22281450) and increased concussion risk 
(3 times greater risk) [22]. There was no association between previous concussions 
and IL6 (rs1800796). A study on 87 college athletes using rs1800795 also found no 
association between genotype and previous concussions [21].

Other work from Mc Fie and colleagues examined the role of IL1B (rs16944) and 
IL6 (rs1800795) in 163 rugby players. There was no association with previous con-
cussion history for either SNP; however, there was reduced symptom severity in 
both the rs16944 C allele and the rs1800795 C allele. When a combination of the 
two SNPs was used, the C-C inferred allele construct demonstrated higher symptom 
counts and prolonged symptom duration [40].
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 Tau

Microtubule-associated protein tau (MAPT) is encoded by the MAPT, or TAU, gene 
and is involved with tau protein regulation and binding to microtubules [41]. Two 
SNPs, rs2435211 and rs2435200, were examined in work by Abrahams and col-
leagues. Studying 303 rugby players from high school (junior) and professional 
(senior) levels, they found that rs2435200 AA genotype was associated with reduced 
susceptibility to multiple concussions (66%) and rs2435200 AG genotype was asso-
ciated with increased susceptibility (134%) in senior players. rs2435211 was not 
associated with concussion history. The inferred haplotype using both SNPs (T-G) 
was associated with increased susceptibility for concussion in the senior play-
ers [42].

Work in 195 college athletes demonstrated no link between Tau Ser53Pro 
(rs2258689) or Tau His47Tyr (rs10445337) and previous concussion history [17]. 
This was further confirmed in a study of 1056 college athletes where neither Tau 
Ser53Pro nor Tau His47Tyr were associated with previous concussion [22].

 Single Study Genes Examined

The following genes were only examined in 1 published study to our knowledge and 
are briefly summarized.

KIAA0319 KIAA0319 is involved in the regulation of neuronal migration and cell 
adhesion, especially in the cerebral cortex [43, 44]. Using the SNP rs4504469, a 
study by Walter and colleagues on 87 college athletes demonstrated a significant 
association between genotype and previous concussion history. Individuals with the 
TT genotype had the lowest risk for previous concussion [21].

SLC17A7 The synaptic uptake of glutamate involves vesicular transporters, which 
are encoded by a subfamily of genes located on chromosome 19 (SLC17A7) and 
chromosomes 11 and 12. A study by Madura and colleagues found that the SLC17A7 
promotor (rs74174284) was not linked to the history of previous injury but was 
linked with recovery. Individuals with the G allele were 6.33 times more likely to 
have prolonged recovery rates and perform worse on motor speed tests, as measured 
by ImPACT, than individuals with the CC phenotype [45].

CACNA1A Calcium voltage-gated channel subunit alpha1 (CACNA1A) is involved 
with altering the configuration of Ca2+ pore-forming component and is primarily 
expressed in neuronal tissue. It is essential for proper neuron communication. A 
study by McDevitt and colleagues examined 40 athletes and found that individuals 
with the CACNA1A (rs704326) GG genotype had a prolonged recovery. The 
rs35737760 SNP had no association with the severity of injury [46].
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NEFH Neurofilament heavy (NEFH) is important for mature axon function and 
may be involved in forming neuronal filamentous networks. In a study on 96 ath-
letes, McDevitt and colleagues found no association between the rare allele, using 
rs165602, and history of concussion or symptom recovery [47].

GRINA2A N-methyl-D-aspartate receptor 2A sub-unit (GRIN2A) is an NMDA 
glutamate receptor subunit which has been implicated in influencing the magni-
tude of neuron dysfunction. A study on 87 athletes using rs3219790 examined the 
long allele (≥25 repeats) and the short allele (<25 repeats), and found that LL 
carriers were 6 times more likely to have a longer recovery compared to SS carri-
ers [48].

CASP8 Caspase 8 (CASP8) encodes a cysteine-aspartic acid protease and is 
involved in the execution of cell apoptosis. A study by Mc Fie and colleagues exam-
ined rs3834129 in 163 rugby players and found no link between genotype and con-
cussion history or severity [40].

DARC Duffy antigen receptor of chemokines (DARC) encodes a glycosylated 
membrane protein that is a non-specific receptor for many chemokines and is 
expressed on Purkinje cells [49, 50]. It has been shown to be upregulated at the BBB 
[51] and transports inflammatory chemokines across the BBB. In a study on 87 col-
lege athletes, using rs2814778, it was found to have no relation to previous concus-
sion history [21].

PARP1 Poly(ADP-ribose) polymerase 1 (PARP1) modifies various nuclear pro-
teins by poly ADP-ribosylation. This modification is DNA-dependent and is 
involved in the regulation of various cellular processes including differentiation, 
proliferation, tumor transformation, and cell damage and death [52, 53]. In a study 
on 87 college athletes, using rs3219119, there was no link between genotype and 
previous concussion history [21].

TPH2 Tryptophan hydroxylase 2 (TPH2) is involved in regulating the production 
of serotonin and has a role as a trans-synaptic messenger in axonal and dendritic 
growth [54, 55]. It has been linked to various psychiatric disorders as well as impul-
sivity and impaired response inhibition [33]. In a study on 87 college athletes, using 
rs1386483, there was no link between genotype and previous concussion his-
tory [21].

NGB Neuroglobin encodes oxygen-binding proteins expressed in the central and 
peripheral nervous system where it may be involved in facilitating oxygen transfer 
across the BBB and increase oxygen availability [56, 57]. In 87 college athletes, 
using rs3783988, there was no link between genotype and previous concussion his-
tory [21].
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 Implications and Future Work

The use of individuals’ genetics for health purposes has been a growing area of 
research and it can be assumed that there is a link between concussion and genetics. 
However, at this time, the findings are still fairly limited. Studies involving genetics 
often are aiming to address susceptibility to concussion or risks associated with 
recovery from injury. While individual studies employ different techniques and 
gene selection, in combination they reveal some core findings that will be discussed.

Overall, there is limited evidence of a genotype predicting previous concussion 
history. NGB, TPH2, PARP1, DARC, CASP8, GRINA2A, NEFH, CACNA1A, and 
SLC17A7 were all examined by single studies and showed no association with the 
risk of injury. However, SLC17A7 (G allele), CACNA1A (GG phenotype), and 
GRINA2A (long allele, LL) were all associated with longer recoveries after injury. 
The only gene to predict previous concussion history was KIAA0319, with the TT 
genotype having the lowest risk of previous concussion [21]. In animal models, 
reduced expression of KIAA0319 negatively affected the adhesion of neurons to the 
glial skeleton, impacting neuronal migration [43]. These findings, or lack of find-
ings, should be replicated with further work and could suggest future theoretical 
frameworks to consider when studying the underlying physiology of injury or the 
role of genetics in susceptibility to concussion.

More commonly studied genes also revealed limited, and sometimes contradic-
tory, findings in regard to risk of injury. Tau genotypes were found to be both not 
related [17, 22] and related to the susceptibility of injury [19]. COMT genotypes 
were found to be not related to the risk of injury [20, 21] but were related to worse 
outcomes after injury, specifically in individuals with the Val/Val genotype [20]. 
BDNF genotypes were found to have no association with concussion risk in college 
athletes [21] but did have an association in military populations. Specifically, indi-
viduals with the Met/Met genotype had increased history of concussion [14, 15]. 
DRD2 also had no link to concussion risk both in athletic [19, 20] or military popu-
lations [14, 15]. DRD4 was found to have an association with concussion risk with 
the CC genotype having decreased susceptibility to injury [19]. IL6 was found to 
have no association with concussion risk [21, 40] and an increased risk for concus-
sion specifically individuals with the CC genotype [22]. In regards to outcome, the 
C allele of IL6 was associated with reduced symptom severity [40].

APOE is the most commonly studied gene in association with concussion risk 
and recovery. However, most studies show no link between APOE, specifically ε4, 
and concussion risk. Only one study [22] demonstrated that the ε4 allele was associ-
ated with a reduced risk of concussion. Use of the promoter region SNP of APOE 
also revealed highly mixed findings: one study shows no association [20], one 
shows reduced risk [19], and one shows increased risk [17].

Findings on recovery after injury and the association of APOE are more in agree-
ment. Typically, the presence of ε4 is associated with worse outcomes after injury, 
specifically lower GCS scores [23], slower reaction times [20], and greater variabil-
ity in neurocognitive testing results and more severity of symptoms [24–26].
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As with the single study genes, these genes also reveal limited findings in regard 
to the risk of injury and warrant further exploration. Much larger sample sizes are 
needed as the sample sizes in the studies included are small for a genetic study (larg-
est n = 1056) and this could be contributing to some of the mixed findings demon-
strated. Ideally, more comprehensive and rigorous examinations of genotypes 
should be done instead of focusing on single SNPs. Using GWAS technology would 
provide a more comprehensive look at genetic susceptibility and the potential inter-
actions that may exist as it is highly unlikely that one individual SNP is a risk factor. 
Instead, it is more likely that it is an interaction of many, maybe hundreds of, SNPs 
that is contributing to the high variability in risk of and recovery after injury.

Overall, these studies highlight the beneficial use of genetics as a growing field 
to consider when understanding injury susceptibility. However, the findings should 
be interpreted with some caution. Primarily these studies are done on college-aged 
male, contact sport athletes, and are done in small sample sizes. Additionally, as 
well as little diversity in sex, there is often little diversity in race. This limits the 
generalizability of results to other sports teams as well as the general population. 
Furthermore, the use of an individual’s premorbid status as a binary screening tool 
for participation is currently cautionary. Each of these factors, at this time, should 
not be used in isolation, but instead should be evaluated to shed light on the observed 
variability seen and to gain insights into potential physiological consequences 
of injury.
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 Introduction

Mild traumatic brain injuries (TBI) are a common occurrence in children and ado-
lescents. Annually, as many as 800,000 youth aged 0–17 in the United States are 
seen in emergency departments for TBI, and the large majority of these injuries are 
mild in severity [1]. The total number of youth sustaining mild TBI each year is far 
higher, however; many mild TBI are cared for outside of hospital settings—at least 
another 800,000 are seen as outpatients [2]—and even more likely never receive any 
formal medical attention. Indeed, estimates are that 1.1–1.9 million children and 
adolescents sustain sports-related concussions, a type of mild TBI, each year, with 
many never coming to medical attention [3].

Systematic reviews suggest that most children recover from mild TBI, at least in 
terms of clinical presentation, in a matter of weeks [4–6]. However, a substantial 
body of literature indicates that a small but significant proportion of children with 
mild TBI experience persistent postconcussive symptoms (PCS), and that persistent 
PCS occur more often after mild TBI than after injuries not involving the head or 
among healthy children [7–9]. PCS include a range of somatic (e.g., headache, diz-
ziness), cognitive (e.g., inattention, forgetfulness), and affective (e.g., irritability, 
disinhibition) symptoms commonly reported after mild TBI, albeit not specific to 
that condition. Persistent PCS are linked to negative consequences for children’s 
longer-term psychosocial functioning and quality of life [10–13].

A key issue for the purposes of clinical management is how to predict which 
children with mild TBI will go on to display persistent PCS [14]. This chapter 
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represents an update of an earlier version in the first edition of this book, incorporat-
ing research published in the past 7 years. This chapter begins by describing a sche-
matic model for predicting PCS following mild TBI in children and adolescents. It 
then reviews the existing literature regarding the prediction of PCS, examining both 
injury-related and non-injury-related factors as possible prognostic indicators. The 
chapter next summarizes conceptual and methodological issues that arise in research 
on the prediction of the outcomes of mild TBI and describes recent advances in the 
development of evidence-based decision rules that help to predict which children 
are at high risk for poor outcomes after mild TBI. The chapter concludes with sug-
gestions for future research directions.

 A Model for PCS

Figure 15.1 portrays a general schematic model for predicting PCS following mild 
TBI in youth [15]. The model draws on previous theories of children’s adaptation to 
illness, including the Disability-Stress-Coping Model [16] and the Transactional 
Stress and Coping Model [17], as well as on models of adaptation specific to mild 
TBI [18, 19]. The model does not reflect the specificity or complexity of more recent 
systems science analyses of mild TBI [20] but is similar to other recent approaches 
in providing a broad biopsychosocial framework for understanding recovery [21].

The model presumes that the occurrence of PCS following mild TBI will depend 
on the combined influences of premorbid child and family factors, the nature of the 
injury, and post-injury child and family factors. The model also assumes that the 
influences of these factors can be both direct and indirect. For example, changes in 
brain structure or function associated with mild TBI may give rise to PCS directly 
because of the effect of brain impairment on behavior, but they also may result in 
PCS indirectly by affecting children’s cognitive functioning or ability to cope with 
stress, which in turn mediates an increased risk of PCS.

Importantly, the relationship between various risk factors and PCS is assumed to 
vary as a function of time since injury [22]. Shortly after an injury, the onset of PCS 
is more likely to depend on premorbid child and family factors and injury character-
istics. The likelihood that PCS will persist over time may depend more on children’s 

Fig. 15.1 Schematic 
biopsychosocial model for 
study of postconcussive 
symptoms in children with 
mild traumatic brain injury
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and parents’ post-injury responses to injury, as well as on the other stressors and 
resources in their lives. Premorbid factors and injury characteristics may be relevant 
to both acute and chronic symptoms. However, the influence of post-injury child 
and parent responses and other stressors and resources may be more pronounced 
than premorbid factors or injury characteristics for persistent symptoms. In other 
words, the way in which children and their parents react to the acute disruptions 
associated with mild TBI is likely to be a significant determinant of the persis-
tence of PCS.

 Predictors of PCS

In recent years, research examining the prediction of PCS in children after mild TBI 
has expanded significantly [14]. The research varies in methodological quality, 
however, with only a few studies involving prospective recruitment of representa-
tive samples of children with mild TBI and appropriate comparison groups who are 
followed longitudinally. Few studies have examined both injury and non-injury fac-
tors as potential predictors of PCS, much less compared their relative contributions 
at different times post-injury [22]. The following sections provide an overview of 
existing research about the predictors of PCS.

 Injury Factors

A variety of injury factors have been considered as potential predictors of PCS. One 
is the occurrence of previous concussions or mild TBI. An early study of a national 
birth cohort suggested that multiple concussions did not result in specific cognitive 
deficits [23], but subsequent studies of sports concussions found evidence for cumu-
lative effects [24]. Recent studies suggest that the impact of previous concussion 
may depend on how long it has been since the previous injury and whether the 
previous injury was associated with a longer time to recovery. Children whose pre-
vious concussions occurred more recently, or resulted in symptoms for at least 
1 week, demonstrated more protracted symptoms after mild TBI than did children 
whose previous concussions occurred further in the past or did not result in PCS 
[25, 26].

Various indices of injury severity have also been studied as potential predictors 
of PCS. Acute symptom burden is perhaps the most consistent predictor of persis-
tent PCS; some specific symptoms, such as headache/migraine and dizziness, also 
are predictive. Acute clinical signs that also have been shown to be associated with 
an increased risk of PCS include loss of consciousness [7, 8, 13, 27, 28], posttrau-
matic amnesia [28, 29], and balance problems [30]. The presence of intracranial 
abnormalities on acute neuroimaging has also been associated with increased PCS 
[8, 13, 27, 31]. Several indirect proxies for injury severity have also been associated 
with an increased likelihood of PCS, including hospital admission [8, 13, 32], 
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high- speed mechanism of injury—particularly motor vehicle collision [8, 33], refer-
ral for CT scanning [34], and the presence of associated injuries not involving the 
head [8, 29].

 Non-injury Factors

Demographic factors such as age and sex are among the non-injury factors most com-
monly studied as predictors of PCS. The relationship of age to PCS is inconsistent. 
Several studies have found greater PCS among adolescents than younger children [7, 
26, 30], while others have found evidence of more PCS among younger as compared 
to older children [8]. Differences in results across studies may reflect whether PCS 
were assessed by self-report or by parent ratings; adolescents tend to report more PCS 
than younger children, but parents may report more PCS for younger than older chil-
dren. Few studies have specifically examined whether age moderates the effects of 
mild TBI on PCS; one showed evidence for larger group differences (mild TBI vs. 
orthopedic injury) for PCS among younger versus older children [8].

Sex has been a more consistent predictor of PCS, such that girls and their parents 
typically report more symptoms than boys [8, 26, 30]. However, differences in PCS 
between children with mild TBI and those with orthopedic injuries do not appear to 
be more pronounced for girls than boys, suggesting that sex is not a moderator of 
PCS after mild TBI, but instead that girls and their parents in general may report 
more symptoms than boys [8, 35].

Pre-injury symptoms are the non-injury factor that consistently accounts for the 
most variance in PCS [22, 36]. Pre-injury symptoms are typically assessed retro-
spectively after injury and so may be subject to bias, except in sports concussion 
research where pre-injury baselines are possible. However, retrospective ratings of 
pre-injury symptoms tend not to differ for children with mild TBI versus those with 
orthopedic injuries [22], suggesting that bias is likely minimal if the ratings are 
obtained shortly after the injury occurs. More generally, pre-injury psychiatric dis-
orders increase the risk of PCS, although attention deficit hyperactivity disorder and 
learning disabilities specifically are not clearly prognostic [37].

Children’s cognitive abilities may also be related to PCS after mild TBI. Although 
neurocognitive deficits typically resolve within a few weeks after mild TBI when 
measured using traditional paper-and-pencil tasks [4, 5], computerized testing has 
the potential to reveal longer lasting deficits in complex processing speed [38]. 
Neuropsychological testing can be used to identify not only those children who 
show acute post-injury decrements in their cognitive functioning, but also those 
who have low cognitive reserve, and both types of children may be at risk for 
PCS. Cognitive ability has been shown to be a significant moderator of PCS, such 
that children of lower cognitive ability with mild TBI-associated abnormalities on 
neuroimaging are especially prone to PCS [39]. More research is needed to deter-
mine whether post-acute cognitive deficits on neuropsychological testing are pre-
dictive of PCS.
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Various aspects of children’s psychological functioning also can help account for 
PCS. Children with mild TBI are at greater risk for PCS relative to children with 
orthopedic injuries if they rely on avoidance or wishful thinking to cope with their 
injuries as compared to more problem-focused coping strategies [40]. Children with 
high levels of psychological resilience also are less likely to demonstrate PCS [41], 
while those with higher levels of somatization and internalization of symptoms are 
more likely [42].

A variety of environmental factors may also predict PCS. For instance, family 
socioeconomic status is negatively correlated with self-reports of PCS [8], and par-
ent psychological distress is positively correlated with PCS [36, 43]. Somewhat 
surprisingly, children whose families were higher functioning and had more envi-
ronmental resources were more likely to demonstrate somatic PCS following mild 
TBI than those from poorer functioning homes with fewer resources [44]. This find-
ing runs counter to previous research among children with severe TBI showing that 
the effects of TBI are exacerbated in the context of poorer premorbid family func-
tioning [45].

 Relative Contributions of Injury Versus Non-injury Factors

Few studies have directly compared injury versus non-injury factors as predictors of 
PCS. In a large prospective cohort study of children aged 0–18 years [7], family 
functioning and parent adjustment measured post-acutely did not account for differ-
ences in PCS across the first year post-injury as a function of injury status or sever-
ity, although the specific contributions of the former variables were not estimated 
statistically.

Another prospective cohort study examined the prediction of PCS during the first 
year post-injury in children aged 8–16 years with mild TBI or mild orthopedic inju-
ries [22]. Predictors included demographic variables, premorbid child factors, fam-
ily factors, and injury factors. Injury factors predicted parent and child ratings of 
PCS but showed a decreasing contribution over time. Demographic variables con-
sistently predicted symptom ratings across time. Premorbid child factors, especially 
retrospective ratings of premorbid symptoms, accounted for the most variance in 
PCS. Family factors, particularly parent adjustment, consistently predicted parent, 
but not child, ratings of PCS.

In a third prospective cohort study [34], children aged 2–12 years with either 
mild TBI or minor bodily trauma were followed for 3 months post-injury. Potential 
predictors of PCS included injury and demographic variables, premorbid child 
behavior and sleep, and premorbid parental stress. Mild TBI was a stronger predic-
tor of PCS in the first week compared to 1–3 months post-injury. Older age at injury 
and preexisting learning problems were significant predictors of PCS beyond 
1  month post-injury. Family factors, including higher levels of parental stress, 
higher socioeconomic status, and Anglo-Saxon ethnicity, consistently predicted 
greater PCS.
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Finally, in a recent prospective cohort study [46], children aged 4–15 years with 
mild TBI, complicated mild TBI, or orthopedic injury were studied across the first 
year post-injury. Potential predictors included preinjury demographic, child, and 
family factors. PCS were more common in the two mild TBI groups than in the 
orthopedic injury group; they also were associated with female sex, adolescence, 
preinjury symptoms and mood problems, lower family income, poorer family func-
tioning, and lower social support.

Collectively, the findings from these studies suggest that mild TBI predicts 
increased PCS in the first weeks to months following injury but shows a decreasing 
contribution over time. In contrast, non-injury factors are more consistently related 
to PCS and may display an increasingly strong association over time.

 Research Issues

 Definition of Mild TBI

A variety of methodological shortcomings have characterized previous research 
on mild TBI [47]. One of the major limitations involves the definition of mild 
TBI, which has varied substantially across studies, along with associated inclu-
sion/exclusion criteria [26, 48]. Most studies have defined mild TBI based on 
Glasgow Coma Scale scores ranging from 13 to 15 [49], but they have been 
inconsistent in applying other criteria, such as presence or duration of loss of 
consciousness (LOC) or posttraumatic amnesia (PTA) [50]. Some previous stud-
ies exclude children whose injuries are accompanied by positive findings on neu-
roimaging (i.e., complicated mild TBI), while some definitions of mild TBI 
include such children. Many studies have not clearly defined both the lower and 
upper limits of severity of mild TBI, which can range from brief alterations in 
mental status without loss of consciousness to more severe signs and symptoms 
(e.g., LOC, persistent PTA, seizures). Issues of definition and classification are 
especially problematic in studies of infants and younger children, for whom tra-
ditional measures of injury severity such as the Glasgow Coma Scale may not be 
valid [51].

A related nosological issue concerns the definition and relationship of concus-
sion versus mild TBI [52, 53]. The terms are often used interchangeably. 
However, some have argued that they are distinct disorders, with concussion 
being less severe than mild TBI, while others see them as overlapping but not 
identical, most often viewing concussion as a subset of mild TBI; yet others have 
taken an opposing perspective, viewing mild TBI as a subset of all concussion. 
The lack of a single and specific diagnostic nosology for classifying the different 
types of mild TBI at different stages post-injury represents a significant barrier to 
progress in the field.
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 Outcome Measurement

PCS are typically measured using questionnaires and rating scales, often completed 
by both children and their parents. Parent–child agreement regarding PCS is signifi-
cant but modest [54, 55], suggesting that both child and parent’s reports should be 
explored in studies of mild TBI. Only parent ratings may be available for infants and 
younger children, but the validity of ratings in that age range warrants further inves-
tigation. The reporting of PCS may also depend on the format for symptom report-
ing. For example, in adults, rating scales elicit reports of more symptoms than do 
open-ended structured interviews [56, 57].

Previous studies have also frequently treated PCS as if they occur along a single 
dimension. However, research indicates that PCS in children with mild TBI are 
multidimensional, with clear distinctions between somatic, cognitive, and emo-
tional symptoms [58, 59]. The dimensions of PCS not only can be distinguished 
psychometrically, but also follow distinct trajectories following mild TBI [8]. They 
also appear to be distinct from other kinds of symptoms, such as those associated 
with posttraumatic stress disorder [60, 61].

The definition and measurement of persistent PCS is a key methodological 
and conceptual issue. Many definitions of persistent PCS are based on a simple 
count of new or worse symptoms, while other definitions are based on standard-
ized measures of change (e.g., reliable change or normative definitions). A recent 
study showed that misclassification rates among healthy children were higher for 
simple versus standardized change definitions [62]. Although inter-method 
agreement was superior among standardized change algorithms, significant vari-
ation existed for identifying children with mild TBI who had “recovered” (i.e., 
those who did not meet individual criteria for PPCS) across definitions, calling 
into question the true incidence rate of PPCS.  Importantly, the findings raise 
significant concern about the use of simple change scores for diagnosis of PPCS 
in clinical settings.

 Assessment of Risk Factors

The assessment of risk factors that predict outcomes following mild TBI has been 
problematic. Most studies have not adequately characterized the severity of chil-
dren’s injuries. Children with mild TBI are often treated as a homogenous group, 
without regard to whether factors such as LOC or abnormalities on neuroimaging 
increase the risk of negative outcomes. Advanced neuroimaging techniques, such as 
susceptibility-weighted and diffusion tensor imaging, may also provide a more sen-
sitive assessment of injury severity in mild TBI [63–66].

Research also needs to incorporate measures of non-injury-related risk factors as 
possible predictors. In many cases, children with premorbid learning or behavior 
problems are omitted from studies, although they may be at particular risk for per-
sistent postconcussive symptoms [14]. As noted earlier, a variety of non-injury fac-
tors are likely relevant to the prediction of PCS and may moderate its occurrence 
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after mild TBI, including children’s premorbid cognitive ability and coping skills 
[39, 40], demographic factors and socioeconomic status [8, 22], and parent and fam-
ily functioning [22, 36, 43, 44].

 Prediction Versus Moderation

Research on the prediction of PCS often fails to distinguish between predictors and 
moderators, yet this distinction is critical to understanding whether a particular risk 
factor is specifically associated with worse outcomes among children with mild TBI 
versus children in general. A relevant example is the role of sex or gender as a risk 
factor for PCS. Many existing studies of sex differences lack a comparison group of 
healthy children or children with injuries not involving the head, and instead simply 
compare males and females with mild TBI. However, the absence of a comparison 
group precludes any determination of whether sex actually moderates the effects of 
mild TBI versus simply accounting for variation in outcomes in a nonspecific fash-
ion, irrespective of mild TBI [35]. Similar concerns can be raised about many stud-
ies pertaining to other risk factors. The inclusion of appropriate comparison groups, 
and testing of statistical interactions between group status and risk factors, is neces-
sary to conclude that any risk factor moderates the likelihood of PCS specifically 
after mild TBI.

 Alternative Explanations

Previous research has rarely considered potential alternative explanations for persis-
tent PCS, such as response validity, pain, and symptom exaggeration. Performance 
on response validity testing has been shown to account for substantial variance in 
cognitive test performance among children with mild TBI [67], although it did not 
account for group differences in PCS in other studies [38, 68]. Pain has not been 
widely examined, but it is a common consequence of mild TBI and may contribute 
to poor cognitive test performance and also exacerbate related symptom complaints 
[69]. Finally, some children or parents may be prone to symptom exaggeration, 
perhaps because of the lay expectations associated with mild TBI [70]. Research 
that incorporates indices of symptom exaggeration may help to determine whether 
reports of PCS after mild TBI are influenced by such expectations.

 Timing of Outcome Assessment

Research on mild TBI has often been cross-sectional and focused on relatively 
short-term outcomes. This problem is compounded in some studies by retrospective 
recruitment of participants from among clinical referrals or hospital admissions, 
resulting in significant ascertainment bias. Prospective and longitudinal studies of 
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unselected samples are necessary to examine how the relationship of risk factors to 
PCS varies post-injury [22, 29].

The timing of assessments is particularly critical in longitudinal studies [71]. 
Acute post-injury assessments are often desirable, not only to document the imme-
diate effects of mild TBI, but also to obtain retrospective measures of children’s 
premorbid symptoms as soon as possible after the injury and thereby increase the 
validity of parent recall. The timing of subsequent assessments should be based in 
part on the expected course of recovery following mild TBI. Given that research 
suggests that PCS resolve in 2–3 months in most cases of mild TBI [6, 8], more 
frequent assessment during the first few weeks to months post-injury is warranted. 
However, longer-term assessments are needed to determine whether PCS result in 
significant ongoing impairment in children’s social or academic functioning.

 Prediction of Individual Outcomes

Studies of mild TBI have focused on outcomes at a group level, in part because most 
common statistical techniques yield results that are based on group averages. Thus, 
most research on the prediction of PCS is variable-centered and reflects only group 
trends [72]. In clinical practice, however, we want to know whether mild TBI is 
likely to be followed by persistent PCS in a particular patient. One way to focus on 
individual outcomes is to divide children with mild TBI into subgroups based on 
certain characteristics and then determine if outcomes are different for children in 
the different subgroups. Parsing a sample of children with mild TBI into those with 
versus those without LOC or neuroimaging abnormalities exemplifies this 
approach [8].

A second approach is to identify individuals with a given outcome, such as per-
sistent PCS, and then determine the risk factors linked to this outcome [28]. For 
instance, analyses of reliable change also can be used to identify individual children 
who display unusually large increases in PCS compared to pre-injury estimates and 
to study the risk factors associated with such increases [73]. Figure 15.2 is drawn 
from a study of reliable change in PCS after mild TBI. The figure shows the propor-
tion of children with mild TBI showing reliable increases in somatic symptoms as a 
function of loss consciousness or abnormalities on magnetic resonance imaging, as 
compared to children with orthopedic injuries [13].

Advanced statistical techniques can assist in the prediction of individual out-
comes. Growth curve modeling permits the investigation of change at an individual 
level in relation to multiple risk factors [8]. Mixture modeling can be used to empiri-
cally derive latent classes of individuals [74]; for instance, subtypes of children with 
mild TBI can be identified based on initial clinical presentation or on different 
symptom trajectories [75]. Figure  15.3 provides an example of this approach; it 
shows symptom trajectories of PCS in children with mild TBI and orthopedic inju-
ries [27]. In this study, children with mild TBI were more likely than those with 
orthopedic injuries to demonstrate trajectories involving high acute levels of 
PCS. Moreover, children with mild TBI whose acute clinical presentation reflected 
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more severe injury were especially likely to demonstrate such trajectories, in con-
trast to those with mild TBI with less severe acute presentations.

 Building Prognostic Models and Decision Rules

In the long run, prognostic models and decision rules are needed so that clinicians 
can use them to predict which children with mild TBI will demonstrate persistent 
PCS. To be clinically useful, research on outcome prediction must be methodologi-
cally rigorous [76]. Sample sizes need to be relatively large. Predictors should be 
selected based on previous research and expert opinion. The number of predictors 
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should be kept reasonably small, to avoid overfitting of models. Both outcomes and 
predictors need to be defined precisely, measured with good reliability, and readily 
obtainable. Statistical models should use valid approaches to managing missing 
data and appropriate techniques for the selection of predictors and estimation of 
prognostic effects. Model performance needs to be assessed in terms of both cali-
bration (i.e., agreement between observed outcome frequencies and predicted prob-
abilities) and discrimination of those with versus without persistent PCS. Models 
need to be validated, and the results of modeling should be presented in a readily 
applicable format.

A recent seminal study that incorporated these features sought to derive and 
validate a clinical risk score for persistent PCS among children presenting to the 
emergency department (ED) with acute concussion [26]. The study included 3063 
children aged 5–17 years who were seen at 9 EDs and were then assessed for PCS 
at 4 weeks post-injury. The sample was split into derivation and validation cohorts. 
Statistical modeling was used to develop a 12-point risk score, as shown in 
Table  15.1, based on the variables of female sex; age of 13 years or older; 
physician- diagnosed migraine history; prior concussion with symptoms lasting 
longer than 1 week; symptoms of headache, sensitivity to noise, fatigue; answer-
ing questions slowly on clinical exam; and errors on balance testing. The risk 
score discriminated between children with and without persistent PCS with mod-
est accuracy and performed substantially better than physician prediction alone. 
The risk score holds significant promise as a tool for improving clinical care of 
mild TBI.
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 Future Directions

Future research on the prediction of PCS after mild TBI in children must adopt a 
biopsychosocial approach that acknowledges the contributions of risk factors at 
multiple levels of analysis—biological, psychological, and environmental. At the 
biological level, genetic and epigenetic variables may play an important role. The 
apolipoprotein E gene has not been found to predict PCS after mild TBI in children 
[77], but many other candidate genes should be examined [78]. Research at the 
biological level may also yield more sensitive and precise measures of brain injury 
that predict outcomes. For instance, various fluid biomarkers and advanced neuro-
imaging techniques are being considered both as indicators of underlying brain 
injury in mild TBI and possible predictors of PCS [79, 80].

At the psychological level, future research may identify more sensitive measures 
of the effects of mild TBI on cognitive functioning. Computerized testing has the 

Table 15.1 Clinical risk score for predicting persistent postconcussive symptoms at 4  weeks 
post-injury in children presenting to the emergency department

Predictors
Number of risk points for persistent postconcussive 
symptoms

Age group, years
   5–7 0
   8–12 1
   13– < 18 2
Sex
   Male 0
   Female 2
Prior concussion and symptom duration
   No prior concussion; symptom duration 

<1 week
0

   Prior concussion; symptom duration ≥1 
week

1

Physician-diagnosed migraine history
   No 0
   Yes 1
Observed answering questions slowly
   No 0
   Yes 1
Balance error scoring system tandem stance no. of errors
   0–3 0
    ≥ 4 or physically unable to undergo 

testing
1

Headache reported
   No 0
   Yes 1
Sensitivity to noise reported
   No 0
   Yes 1
Fatigue reported
   No 0
   Yes 2
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advantage of being able to assess reaction time, which has been shown to be sensi-
tive to concussion [38]. More research is needed to determine if early post-injury 
cognitive deficits predict persistent PCS.  Research on children’s psychological 
characteristics, such as somatization and psychological resilience, also will be 
important for understanding the risk of persistent PCS.

Finally, at the environmental level, further research is needed to clarify which 
aspects of the family and broader social environment are related to the occurrence 
of PCS following mild TBI in children [22, 44]. The identification of interventions 
that can reduce the risk of PCS also will be critically important. Clinical trials and 
comparative effectiveness studies of both pharmacological and non- pharmacological 
interventions are needed [81].

For future research to have the greatest impact, the methodological issues 
reviewed earlier need to be addressed. Researchers need to find a common diagnos-
tic nosology with clear criteria, and also a shared definition of persistent PCS. Large 
prospective studies of children with mild TBI and appropriate comparison groups 
that assess both injury-related and non-injury-related risk factors are needed to 
refine existing prognostic models and decision rules for predicting PCS [82]. The 
use of common data elements will enable harmonization of studies and pooling of 
data that can be assessed using advanced statistical techniques such as machine 
learning [83].

A key long-term goal for research on the outcomes of mild TBI is to further 
develop prognostic models and decision rules to incorporate developmental consid-
erations and allow for individual variability in the importance of different risk fac-
tors. Ideally, these advances will enable clinicians to provide parents and children 
with evidence-based information regarding the effects of mild TBI and to identify 
those children who are most at risk for demonstrating negative outcomes. Health- 
care providers can then target at-risk children and their families for appropriate 
management [84].
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 Introduction

While there might be some discrepancy in the reported rates of pediatric brain injury 
among numerous published studies, younger children tend to have higher rates of 
brain injury than older children (based on emergency room visits: 0–4-year-old 
group rate is 1256 per 100,000 versus 15–19-year-old group rate is 757 per 100,000 
children) [1]. Sixteen percent of children under 10 years of age sustain at least one 
traumatic brain injury (TBI) [1] and approximately 80% of these head injuries are 
mild [2]. According to the National Pediatric Trauma Registry, about 76% of all 
pediatric brain injuries are mild and only 10% are moderate and 15% are severe [3]. 
Given these staggering rates, brain injury presents a significant health risk to chil-
dren, and even the mild form of brain injury may sometimes create significant 
obstacles in children’s lives at home and in school.

The most recent consensus statement regarding concussion, or mild TBI, is that 
while it may cause neuropathological changes, they are largely associated with 
functional deficits rather than structural abnormalities, wherein the latter are tradi-
tionally detected by neuroimaging [4]. Thus, thousands of children every year sus-
tain mild head injuries and experience various neuropathological changes that 
greatly affect their academic, behavioral, emotional, and cognitive functioning. 
While the majority of children with mild TBI recover within the first few weeks or 
months, a subgroup of these children continues to suffer from persistent cognitive 
and emotional deficits that compromise their academic performance, social interac-
tions, and emotional stability.
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The actual number of children with mild TBI who are unfortunate to experience 
long-term functional deficits varies from author to author. Kraus [5] showed that 
only 10% of children with closed head injury experienced moderate disability. 
Bruce and Schut [6] concluded that approximately 50% of children continue to 
experience some form of long-term cognitive deficits post TBI. Other authors have 
determined that 11% of children in their research sample displayed symptoms 3 
months after a mild brain injury and 2.3% of this sample continued to display cogni-
tive and emotional symptoms 1 year later [7]. Thus, while researchers utilize vari-
ous outcome measures of post-TBI symptoms and focus on different age groups, 
which likely generates the diversity in rates and severity of functional dysfunction 
and neuropsychological symptoms, one fact remains clear: a lot of children sustain 
relatively mild head injuries and appear seemingly well after the first few months 
post TBI, when pain, scrapes, and bumps disappear, but some of them continue to 
suffer from disturbing cognitive and emotional symptoms.

Even if only 2–10% of children with a mild brain injury are struggling to learn in 
school, appropriately interact with peers and adults, and keep up with the increasing 
social and academic demands, it is important to advance our understanding of a 
mild TBI in order to help these children. So far, our current knowledge about struc-
tural and metabolic changes that occur at different points of time after a mild brain 
injury point to the need to reassess, intervene, and address the long-term post-TBI 
deficits at different points of time, in addition to most immediate post-injury care. 
Such protracted cognitive, emotional, and behavioral difficulties should be addressed 
as soon as they arise, even if they become pronounced sometime after the injury, so 
that these children can receive the needed treatment and return to their normal 
developmental trajectory.

 Short-Term Versus Long-Term Post-Concussion Symptoms

Common short-term cognitive symptoms of pediatric brain injury, such as impaired 
attention, processing speed, visual perception, working memory, motor functioning, 
emotional lability, and hyperactivity have been observed and documented by numer-
ous studies over the years [8]. It appears that these symptoms may affect virtually 
all areas of functioning in children. For instance, in addition to having trouble sus-
taining focus, quickly and accurately processing new information, and retaining 
new facts, concussed children tend to have fewer friends and experience poor social 
skills and increased emotional lability [9, 10]. Their family relationships may be 
compromised as well [11] and their academic performance is likely to decline 
[11, 12].

Moreover, Wozniak and his group [13] showed that traumatic injury to the white 
matter in the supracallosal region is specifically related to overt behavioral deficits, 
such as hyperactivity, aggression, and attention deficit. In this study, while children 
with mild and moderate brain injury did not differ from controls in general intelli-
gence scores, their sustained focus and behavioral and emotional regulation were 
impaired when assessed 6–12 months after the brain injury. This finding is very 
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important in the understanding of post-TBI functioning and performance, as it illus-
trates that, unlike the core intellectual abilities, which remain largely resilient to a 
mild white matter trauma, regulatory functions and efficiency skills are much more 
susceptible to impairment. This is a critical aspect of post-TBI life, as regulatory 
functions and efficiency skills are essential functions that allow one to utilize core 
intellectual abilities while completing academic tasks, listening to and following 
daily directions, and navigating social conflicts and relationships.

As our understanding of mild TBI expands, we see that many children may 
quickly recover from the external head trauma and return to school, but some of 
them remain irritable, easily angered, hyperactive and fidgety, have difficulty sus-
taining focus, effectively planning and organizing their activities and study material, 
adequately capturing and processing new concepts and rules, retaining new facts, 
and retrieving information they have recently learned. They may also omit or mis-
read social cues and display inappropriate reactions to daily stressors and changes 
in their environment. As we know, cognitive skills, academic abilities, and emo-
tional stability are closely intertwined in many educational and social activities that 
children engage in a daily basis. Thus, it is difficult to separate where poor focus and 
retention problems end and irritability and frustration begin, when a child fails to 
listen to and follow directions, inhibit impulses, and sustain his focus to solve a 
math problem and, instead, fidgets and talks in class and disrupts his classmates. As 
a result, while these children have seemingly recovered from their mild head injury 
that they might have sustained on a playground or while playing sports, their entire 
life, including behaviors, relationships, and academic performance, come under 
assault of residual cognitive deficits and mood changes that cause ongoing disrup-
tion and anguish.

Over the past decades, we have learned a lot about the immediate head injury 
symptoms that children may experience during the first days and weeks post 
TBI. While immediate symptoms of a mild brain injury in children have been exten-
sively documented, more recent research studies focus on identifying long-term 
cognitive symptoms, such as memory impairment that persists in some children 2 
years post TBI [14]. Barlow and her colleagues [7] investigated mild brain injury in 
children and showed that 11% of children displayed post-concussion symptoms 3 
months after the injury, and 1 year later these symptoms were still seen in 2.3% of 
injured children. These studies help us develop a better understanding of how and 
why some children’s recovery patterns differ from the majority of their peers, who 
have also sustained a mild TBI, and how persistent post-injury symptoms alter their 
normal developmental trajectory.

We can glean answers to these questions from the unique developmental pro-
cesses that take place in a growing child’s brain. Children’s brain differs signifi-
cantly from the adult brain and it is not just by virtue of being less mature or less 
capable. There are multiple developmental processes that are constantly changing 
the matrix of a child’s brain, making it more or less sensitive to various brain insults, 
treatment efforts, and environmental changes and stressors. Some of those develop-
mental factors include ongoing myelination, sensitivity to oxidative stress, higher 
water content, open sutures, and brain plasticity [15, 16]. In fact, it is believed that 
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maturation of white matter continues until approximately 30 years of age, as sum-
marized by Maxwell in 2012. Since the brain development is such a fluid process, 
any insult to the growing brain at any specific time would technically produce a 
different outcome because the brain was at a different state of the development, with 
certain developmental goals already accomplished and certain developmental goals 
still at various stages of completion.

Over the past two decades, several authors have suggested that the damage 
caused by a traumatic injury to a developing brain can interfere with such processes 
as neuronal myelination and frontal lobe maturation [17, 18]. Indeed, during child-
hood and adolescence, a child’s brain is constantly undergoing a major construction 
of complex cortical networks, making it possible for a child to utilize self-regulation 
of emotions and behavior, sustain focus on lengthy assignments, organize his 
belongings and activities, and reflect on, compare, and associate various concepts. 
It is a complex, multidimensional scaffolding process that would be suspended and/
or interrupted if some aspects of it are damaged and cannot, at least for some period 
of time, play their role in advancing the higher order skills and supporting the asso-
ciated cerebral functions. Levin [19] specifically questioned whether diffuse injury, 
which often occurs in mild brain injury cases, disrupts the development of networks 
that support higher order cognitive functions in childhood.

Thus, if a mild cerebral insult produces diffuse injury, it may not be always 
detected by the traditional neuroimaging studies [4]. Yet, it still sets off a disruption 
of the ongoing myelination and maturation of white matter in a child’s brain. How 
long can this disruption last for before it generates long-lasting effect on the cogni-
tive, academic, and emotional maturity of a child? If some skill development is 
suspended for some time after the mild TBI, how does it affect the development of 
associated skills and how long does it take for the specific skill expansion, or evolu-
tion, to catch up with its original developmental goal?

 Cognitive Impairment and Structural Abnormalities

In the past decades, numerous research findings have provided a tremendous help in 
understanding the short-term and long-term effects of a focal brain damage on cog-
nitive functioning. For example, studies that used neuropsychological measures of 
cognitive abilities and MRI results have determined that extrafrontal and temporal 
lesion volume predicted memory deficits as late as 1 year after brain injury [20]. 
Also, Power and colleagues [21] concluded that combined frontal and extrafrontal 
lesions predicted attention deficits 5 years after TBI, while the severity of individual 
frontal lesions were not predictive of attentional function. Furthermore, other 
researchers have determined that the uncinate fasciculus area of the brain is sensi-
tive to executive dysfunction in children [22].

However, if a mild TBI produces mainly diffuse white matter injury, which is not 
always detected by the traditional MRI scans, how can we illuminate the disruption 
of a complex web of constantly evolving cortical networks and its protracted effect 
over time on child’s functioning at home and in school? Such interruption in the 
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maturation of white matter of a child’s brain may not only delay the advancement of 
the existing skills but also delay the acquisition of more complex abilities. Indeed, 
in a growing child’s brain that undergoes rapid restructuring and layering of cogni-
tive and emotional skills, a delay in maturation of lower-level abilities may signifi-
cantly disrupt the scaffolding of higher-level abilities. While this hypothesis is not 
entirely new, recent studies investigating mild TBI have offered more support as 
they have found persistent cognitive impairments, as measured by neuropsychologi-
cal tests, correlated with metabolic disruptions and structural impairments in 
the brain.

It has been noted that conventional MRI can measure small lesions or hemor-
rhages and MRI findings correlate with neuropsychological and psychiatric out-
come, but MRI may also underestimate diffuse axonal injury that is frequently seen 
in mild TBI [13]. While traditional MRI studies are not always able to detect struc-
tural impairment in mild brain injury cases [4], newer neuroimaging techniques, 
like diffusion tensor imaging (DTI), offer a more precise method of measuring post- 
concussion changes that occur in the while matter and contribute to persistent post- 
concussion symptoms and functional impairment months after the mild TBI.

DTI studies measure the integrity of the white matter fibers via diffusion of water 
molecules [23]. If some axons are damaged and myelin sheath has diminished, the 
inter-axonal water volume increases. Therefore, DTI can detect injured axons and 
destroyed myelin even in mild TBI by measuring the integrity of white matter fibers; 
such axonal injury was observed months after the brain injury [13]. This is a rela-
tively new advancement in the detection of neuronal injury over the traditional MRI 
scan, which is not able to “see” such minor brain damage. In addition to being able 
to detect minor, yet important changes in white matter shortly after the brain injury, 
DTI can detect long-term axonal injuries. For example, Bendlin and colleagues [24] 
described long-term impairments of white matter, as seen in DTI studies 1 year after 
the injury. Her group detected specific axonal injury via fractional anisotropy and 
mean diffusivity reduction that was much greater than normal white matter changes 
expected in age-matched peers.

Thus, DTI technique allows us to detect some structural abnormalities in con-
cussed individuals that were not visible on traditional neuroimaging studies, but 
those abnormalities remained for months or more post TBI. While these structural 
abnormalities might be minor, they are not inconsequential and do contribute to 
significant functional impairment that disturbs a brain injured child’s ability to com-
plete schoolwork, learn new information, develop new skills, and effectively inter-
act with and adapt to his environment. In the recent years, such functional 
dysfunction, which is traditionally measured by neuropsychological tests, was 
found to correlate with structural abnormalities, as detected by DTI, further sup-
porting the idea that even mild brain injury may produce long-term cognitive func-
tional impairments in some individuals.

For example, Wozniak and colleagues [13] showed that decreased cortical white 
matter fractional anisotropy, as measured by DTI, is associated with impaired neu-
rocognitive test scores, mainly with executive functioning and motor speed neuro-
psychological measures (tests and rating scales) 6–12 months after the injury. This 
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study has shown that children with mild and moderate brain injury had lower frac-
tional anisotropy in three white matter regions—inferior frontal, superior frontal, 
and supracallosal regions. When DTI study results were compared to neuropsycho-
logical test results, fractional anisotropy in frontal and supracallosal regions corre-
lated with neuropsychological test scores on measures of executive functioning, 
while fractional anisotropy in supracallosal region correlated with test scores mea-
suring motor speed, and supracallosal fractional anisotropy correlated with behav-
ioral ratings. This group concluded that greater impairment of white matter in the 
frontal lobe were associated with functional deficits, as reflected in low scores on 
specific neuropsychological measures (the Tower of London and the reports and 
ratings of daily behaviors on the Behavior Rating Inventory of Executive Function), 
which measure executive functions such as planning, impulse control, sustained 
focus, self-monitoring, and other aspects of executive, or frontal lobe, functions. 
Thus, while the detected axonal damage was minimal, children with mild and mod-
erate brain injury in this study demonstrated measurable cognitive and behavioral 
deficits. Such findings of objective neuropsychological tools, in combination with 
advanced technology, further solidify the notion that diffuse axonal injury can cause 
persistent disruption in a child’s daily functioning. Knowing this, we can help chil-
dren and their families effectively cope with and remediate multiple changes in 
cognition, academics, and behavior.

Treble and research group [25] detected a significant structural abnormality of 
the corpus collosum via brain MRI DTI imaging in children with severe, moderate, 
and complicated mild TBI. This study also determined the connection of this struc-
tural damage to a long-term working memory impairment, especially visual spatial 
working memory. Specifically, this study confirmed a correlation between decreased 
functional anisotropy (FA) values and higher radial diffusivity in callosal subre-
gions connecting anterior and posterior parietal cortical regions and deficient verbal 
working memory, while such abnormality involving callosal subregions connecting 
anterior and posterior parietal as well as temporal cortical regions correlated with 
visuospatial working memory deficits.

 Cognitive Impairment and Metabolic Abnormalities

Further support for the notion of post-concussion functional disruption comes from 
research studies that focused on metabolic abnormalities secondary to TBI. Different 
neurochemical concentrations reflect different neuropathological processes that 
occur at different stages of life and post-injury period. Some of these metabolic 
changes, which have been detected from infancy to later childhood, up to 16 years 
of age, are involved in the normal course of development and contribute to the 
development of various cognitive and emotional abilities [26].

Recent studies have shown that post-traumatic metabolic changes may signal the 
presence of axonal injury that is not always easily identified. For example, lower 
NAA concentration may reflect neuronal and axonal damage, which is consistent 
with diffuse axonal injury but not seen on traditional MRI studies [27]. Researchers 
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have also detected specific changes in N-acetyl aspartate (NAA) and choline (Cho) 
levels in mild and severe pediatric TBI cases, with Cho levels decreasing in the first 
year after the brain injury; in severe TBI cases, decreased Cho levels may reflect 
neuronal death and cerebral atrophy [28, 29]. Cholines, such as glycerolphospho-
choline and phosphocholine, are markers of a cell membrane synthesis and repair, 
while NAA is a marker of neuronal and axonal functioning. Thus, any post- traumatic 
changes in the brain cell metabolic concentrations signal the disruption of the cell 
integrity and functioning. Interestingly, NAA concentration changes post TBI are 
associated not only with axonal loss due to various trauma mechanisms, but also 
with milder forms of axonal injury, such as axonal swelling, stretching, and 
myelin damage.

The influence of metabolic changes in the growing child brain on everyday func-
tioning is undeniable. As brain injury triggers a chain reaction of certain metabolic 
changes in a child’s brain, it disrupts the normal ratio of metabolic concentrations 
that is necessary for optimal functioning in school and at home. Specifically, 
Chertkoff Walz and his colleagues [28] have determined that higher metabolic con-
centration is associated with better academic skills and social competence. They 
also showed positive correlation between Cho levels and spatial, spelling, and prag-
matic language abilities.

Thus, a growing body of research leads us to believe that even mild brain injury 
may cause an ongoing disruption in the normative developmental changes in the 
brain metabolism, which, in turn, compromises the integrity of child’s neuropsy-
chological functioning, as reflected in cognitive difficulties, declining academic 
performance, and social-emotional problems that disrupt the lives of some children 
after a mild TBI.

 Post-Concussion Recovery and Assessment Challenges

Recovery from mild brain injury is also laced with peculiarities that are specific to 
a growing child’s brain. Several researchers have concluded that some aspects of a 
child’s brain, such as plasticity and functional reorganization, are helpful in recov-
ery from a focal brain injury but not from a diffuse brain injury [19, 30, 31]. White 
matter at different stages of development may respond differently to the traumatic 
process and if some higher-level skills, such as social comprehension, sustained and 
divided attention, impulse inhibition, or complex reasoning, did not have a chance 
to develop before the onset of TBI, concussed children may experience slowed mat-
uration of these skills in the following months. In fact, Gerrard-Morris and col-
leagues [32] showed that deficits in pragmatic language emerged some 12 months 
after the brain injury, while Anderson and colleagues [33] showed that memory 
problems did not emerge in young children until 1 year after the brain injury. These 
long-term effects may be different for children in different age groups, but it is 
important to know that if some children are just too young to demonstrate full- 
fledged abilities involving social communication (pragmatic language) or certain 
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aspects of memory, their cognitive impairment and social deficits may not be 
acknowledged, measured, and remediated following their mild brain injury.

Levin and Hanten [34] have pointed out a well-accepted fact that the executive 
system in children is undergoing such significant and rapid changes that it greatly 
complicates the study of the effects of brain injury on pediatric executive system. As 
a result, children who sustained a brain injury, including frontal lobe injury specifi-
cally, at a younger age, when organization, impulse control, self-regulation, and 
other frontal lobe functions are not developed and matured yet, may not demon-
strate executive system deficits until much later in life. Thus, we may not appreciate 
the extent of the brain injury until after the child has recovered from all external and 
overt physical and cognitive symptoms.

Moreover, the age of onset of TBI and the severity of injury are not the only 
variables affecting the outcome of pediatric TBI, as different brain functions may 
suffer different long-term post-concussion effects. One study investigated the vari-
ability in dysexecutive symptom expression in children post TBI, specifically look-
ing at focal versus diffuse brain injury and the extent of frontal lobe involvement 
and the effect of pre-injury functioning [35]. This research group determined that 
children who sustain a concussion at a younger age are more vulnerable to executive 
skill impairment and long-term deficits. In fact, when concussed children were 
assessed 2 years post injury, 14–50% of them performed below grade level in math. 
Other authors have also showed that the development of arithmetic skills is most 
vulnerable to the effects of TBI, while word recognition was relatively unchanged 
[36]. Their finding is not surprising, as math is an academic achievement ability that 
builds upon such cognitive skills such as sustained focus, sequencing, planning, 
spatial reasoning, planning, and organization—the same cognitive abilities that are 
often impaired by a concussion.

In addition, it was determined that attentional control and literacy mature by 
approximately 8 years of age, while goal setting and arithmetic skills mature by 
approximately 12 years [35]. Thus, if some children sustain a brain injury before 8 
or 12 years of age, they may experience protracted post-TBI deficits, including the 
delay in maturation of attention control, literacy, goal setting, and arithmetic skills, 
which were not so obvious shortly after their brain injury.

Now, when a student scores low on a math test, experiences difficulty in reason-
ing and developing a multistep plan for a science project, has trouble sustaining 
focus on lengthy standardized tests, falls under the peer pressure to engage in mal-
adaptive behaviors, or displays poor judgment in friendship choices, teachers and 
parents do not immediately connect these academic and behavioral problems with a 
concussion that took place last summer or during a winter break. Thus, concussed 
children may end up following a dwindling road of poor academic performance and 
conflicts with peers and adults, while their caretakers and educators are not recog-
nizing these problems as long-term symptoms of a mild brain injury and may mis-
takenly attribute some failures to adolescent attempts to establish independence and 
a rebellion against authority. Therefore, they do not proactively monitor concussed 
children for possible academic and cognitive problems in order to address them at 
the earliest point of time and in their mildest form, which is easier to remediate.
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School work is the major responsibility of a child, and it requires a child to utilize 
all of his cognitive and socio-emotional resources. Academic activities depend on 
the executive skills, as students are required to reason and apply appropriate rules 
and formulas, sustain focus for prolonged period of time, organize their assign-
ments, plan their study and test preparation activities, extract essential elements 
from a reading material, compare and contrast facts, and perform many other execu-
tive functions. Social interactions also heavily depend on executive skills, as chil-
dren are required to monitor their environment and behavior, regulate their emotional 
reactions and behavioral actions in accordance with social norms, inhibit impulses 
to act and talk when necessary, etc. In fact, researchers are actively studying the 
effects of the executive system on the adolescents’ educational performance, and 
Arnett and her group [37] specifically noted that teenagers’ emotional and behav-
ioral regulation directly affected their grades in school after a concussion. This find-
ing also confirms the understanding that some skills, such as executive functions, 
are not heavily used until older childhood, which leaves younger children with TBI 
with a potential protracted TBI-related deficit in their ability to manage time, plan 
and sustain focus on complex assignments, retrieve and utilize the stored social 
knowledge in various social situations, prioritize activities, inhibit impulse for 
immediate gratification, and regulate negative emotions and urges. These are all 
very important abilities that allow children to establish and maintain appropriate 
and rewarding relationships with peers and adults, behave and regulate their mood 
and attention so that they can learn in class, and adapt and apply their new knowl-
edge and skills to ever-changing life circumstances. While younger children who 
seemingly recover from a TBI do not experience much demand on their executive 
system, adolescents naturally experience a heavy executive system demand and TBI 
survivors undergo even more challenging adjustments in self-regulation than 
their peers.

Thus, if some protracted post-TBI deficits do not come to the surface until 
months later, children who sustained a mild brain injury during their summer vaca-
tion may be viewed as fully recovered when they start their new academic year in 
September. It is possible that we do not consider a concussion as a precipitating 
factor when some children start experiencing pragmatic language deficits, aggres-
sion, hyperactivity, frequent conflicts, and social interaction problems months after 
their concussion, as at that point their brain injury incident is so far removed that 
parents and teachers may believe that these problems are not related to a brain 
injury. Of course, a thorough neuropsychological assessment is required in such 
cases to rule out developmental disorders that also involve pragmatic language defi-
cits and social interaction problems, such as Asperger’s disorder and pervasive 
developmental disorder. Neuropsychological assessment and academic achieve-
ment testing are also needed to rule out specific pre-TBI learning disabilities involv-
ing math, reading, and writing in children who display declining academic 
performance post TBI. In essence, neuropsychological evaluation becomes an 
essential tool in bringing all these different pieces of a puzzle together in order to 
sort out preexisting conditions, protracted post-TBI symptoms, and normally 
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developing brain functions. It is a complicated task, but certainly worth attempting 
for the sake of a happier and satisfying life for the child.

Neuropsychologists who specialize in the assessment of children and develop-
mental disorders possess a unique expertise to evaluate functional integrity of 
child’s brain immediately after the brain injury and at a later time, when some chil-
dren might be experiencing long-term effects of a brain injury that prevent them 
from adequately adapting to changing academic, cognitive, and social demands of 
their peer group and the environment. Hence, the timeline for monitoring concussed 
children should include a visit at least 12 months post brain injury. Subsequent neu-
ropsychological assessments can be performed at 24 months post TBI mark if prior 
evaluation detected any lingering cognitive, emotional, or behavioral deficits. If no 
such deficits were detected at 24 months mark post-brain injury, concussed children 
can be discharged from a neuropsychological care. Additional follow up is sug-
gested if they display any newfound difficulties in social, emotional, academic, or 
general cognitive functioning, such as difficulty reading social cues, negotiating 
conflicts, inhibiting impulses at age-appropriate level, or developing higher order 
reasoning, academic, and comprehension skills.

The necessity of the follow up neuropsychological evaluation is highlighted by 
the findings of a meta-analysis conducted by Babikian and Asarnow [38] that 
showed children with moderate and severe TBI not only showed cognitive deficits 
months after the injury but demonstrated even greater difference from non-injured 
peers 2 years later. Specifically, their analysis of multiple studies using neuropsy-
chological tests to measure cognitive abilities revealed what was already known to 
neuropsychologists—many children with moderate and severe TBI experience defi-
cits in processing speed, attention, visual perception, and memory functions during 
the first 5 months post injury. However, while some of these cognitive functions 
improve within the first 2 years, select cognitive deficits, such as immediate and 
delayed verbal memory, executive functioning, processing speed, and attention, fell 
even farther behind their age norm as seen on neuropsychological testing 2 years 
post TBI. Moreover, 2 years after the injury, children with moderate and severe TBI 
scored lower on the IQ test than their non-injured peers. Scores on tests of working 
memory, visual perception, and visual memory were similar among injured and 
non-injured children, suggesting that visual memory and visual perception skills 
appear to be the most resilient in children. While working memory test scores were 
also included in this group, clinical experience indicates that working memory can 
also be very susceptible to long-term effects of TBI due to the involvement of atten-
tion and concentration functions. In fact, research studies point to a much greater 
role of working memory in the completion of a wide range of daily and academic 
tasks, similarly to the well-known role of the executive functioning, and the preva-
lence of a long-term working memory deficit, especially visual spatial working 
memory, in children with severe, moderate, and complicated mild TBI [25].

Neuropsychological measures provide objective, structured symptom assess-
ment and ecologically valid functional description of executive (i.e., organization, 
emotional regulation, self-monitoring of performance and behavior, social judg-
ment, goal-directed behavior, problem solving, abstraction, impulse control), 
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memory, motor, language, attention, speed, information processing, emotional, and 
behavioral abilities relative to child’s age norm, which are critical in post-injury 
return to school, home life, sports, and social settings. The wealth of objective data 
gathered during the neuropsychological assessment allows neuropsychologists to 
track the developmental trajectory of cognitive and behavioral skills, a foundation 
for a more targeted, individualized treatment, and intervention plan before cogni-
tive, academic, and behavioral problems have worsened and higher-order cognitive 
skills have failed to develop. Such comprehensive, objective assessments are critical 
when tracking the recovery of cognitive skills as well as persistent cognitive defi-
cits, as neuropsychological tests determine how far child’s cognitive abilities fall 
from the age norm and if certain cognitive skills are not developing at the expected 
pace compared to non-injured peers. Such objective measurements take much of the 
guesswork out of the decision loop and provide hard evidence of whether cognitive 
deficits are actually present or not when a child continues to complain of headaches, 
dizziness, emotional lability, and sleep disturbance that complicate the picture by 
intertwining with cognition. The work of Wade and her group [39] highlights the 
effect of psychotherapy targeting specific executive deficit in problem solving on 
the reduction of depressed and anxious mood and somatic complaints in adolescents 
who suffered mild to severe TBI. Their study clearly indicated that detecting an 
executive deficit through a neuropsychological instrument and improving it via non- 
medicinal problem-solving psychotherapy helped adolescents resolve and adapt to 
common life problems and stressors that triggered psychiatric, emotional, and neu-
rological complaints.

Furthermore, neuropsychologists are in the unique position of determining 
whether the observed cognitive and psychological difficulties are due to the post- 
concussion syndrome or preexisting learning disabilities, developmental delays, 
behavioral disorders, or mood disorders. After all, it is the neuropsychological 
assessment that can distinguish if the child’s failure to remember new information 
in class is due to preexisting attention deficit, post-TBI acquired memory encoding 
or retention deficit, or TBI-related mood disorder or insomnia that diminished moti-
vation and mental stamina to study. Neuropsychologists can also distinguish if the 
recent moodiness, avoidance of academic demand, confrontations with teachers, 
and involvement in destructive peer groups are the result of hormonal changes and 
the strive for independence and new identity, or the outcome of executive dysfunc-
tion in adolescents who are believed to have recovered from a TBI 3 years ago. 
Knowing the correct etiology of observed difficulties can lead to a timely choice of 
the most effective treatment modality such as cognitive rehabilitation and retrain-
ing, behavioral therapy, or psychostimulant medication. Professional guidance 
based on neuropsychological objective test findings has always been welcomed by 
teachers, parents, neurologists, speech and occupational therapists, psychothera-
pists, and other specialists who are involved in child’s care, as neuropsychological 
test results carefully measure the trajectory of emotional regulation, executive, rea-
soning, and other cognitive and neuropsychological skills over time in order to 
detect child’s response to treatment modalities and support the need for specialized 
educational and vocational services or guardianship.
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 Conclusion

The wealth of the existing research knowledge, supported by the ever-developing 
technology that helps us to detect even minor effects of brain injury, allows more 
precise investigation of concussion diagnosis and short-term and long-term symp-
tomatology. It also prompts us to consider recovery patterns and the developmental 
level of child’s individual skill sets, which may or may not have matured at the time 
of the injury. We know now that brain injury may impede the development of any 
cognitive or emotional abilities while they are at their “budding” stage and that 
impairment becomes more apparent at a later time, when a child fails to acquire, 
mature, and demonstrate more advanced skills.

Some children who sustained a concussion return to classrooms and appear to 
have fully recovered, yet may still experience cognitive, emotional, and behavioral 
problems at a later time because those particular skills were not required or utilized 
at the age when they sustained a concussion; hence, their impairment was not “vis-
ible.” However, as the social and academic demands increase with time, some chil-
dren who sustained a mild brain injury may fail to adapt to the changing environment 
because they did not fully develop and acquire higher-order skills that support a 
steady learning curve and make a successful adaptation possible. This hypothesis 
resonates with findings that showed that behavioral and emotional problems, includ-
ing impulsivity, aggressive behaviors, and frequent mood changes, increase with 
time after the TBI, while physical and cognitive complaints decrease [40].

Of course, the long-term effects of concussion on children’s brain development 
are dependent on many factors, including age at the time of concussion; pre- 
concussion level of cognitive, behavioral, and emotional development; and resources 
available to help them recover and catch up on developmental milestones. Since 
such a multitude of variables are involved, research studies may produce varying 
results based on the different characteristics of pediatric samples and measurement 
tools involved. We do not have a precise matrix of all these factors yet, but future 
pediatric concussion research may help us construct a concussion evaluation and 
recovery model that would include protracted effects of a mild TBI and, hence, 
allow us to identify the child’s trajectory of recovery from a concussion and the 
future development of specific cognitive, emotional, and behavioral skills.

The treatment of such long-term effects of concussions would depend on the 
type and severity of their symptoms and would need to be tailored to individual 
characteristics of these children and their environment. While frequent repetitive 
neuropsychological testing would not be necessary, occasional neuropsychological 
assessments of concussed children produce important information about their over-
all cognitive, emotional, and behavioral development, including their adjustment to 
changing peer environment and academic demands. Thus, useful guidelines can be 
generated for concussed children’s parents, teachers, school psychologists, and 
caretakers as to which cognitive, emotional, or behavioral weaknesses exist in a 
child’s neuropsychological profile and how to reduce them (e.g., specialized educa-
tional services and accommodations, social skills and communication skills group 
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therapy to improve reasoning, pragmatic language and social interactions, and cog-
nitive rehabilitation and retraining).

Children who are unfortunate to experience long-term effects of a mild brain 
injury could be identified before their post-concussion symptoms have seriously 
interfered with their academic performance and peer relationships and limited their 
future educational and career advancement. Adopting more proactive approach to 
identifying such weaknesses in children with mild TBI should certainly yield better 
functioning and happier children who can truly state that they have survived a brain 
injury and successfully developed their cognitive, emotional, and behavioral skills 
up to par with their age-matched peers.

References

 1. Faul M, Xu L, Wald M, Coronado V. Traumatic brain injury in the United States: emergency 
department visits, hospitalizations and deaths. Atlanta: U.S. Department of Health and Human 
Services, Centers for Disease Control and Prevention, National Center for Injury Prevention 
and Control; 2010.

 2. Wortzel HS, Granacher RP.  Mild traumatic brain injury update: forensic neuropsychiatric 
implications. J Am Acad Psychiatry Law. 2015;43:499–505.

 3. Lescohier I, DiScala C. Blunt trauma in children: causes and outcomes of head versus extra-
cranial injury. Pediatrics. 1993;91:721–5.

 4. McCrory P, Meeuwisse WH, Aubry M, Cantu B, Dvorák J, Echemendia RJ, et al. Consensus 
statement on concussion in sport: the 4th international conference on concussion in sport held 
in Zurich, November 2012. Br J Sports Med. 2013;47:250–8.

 5. Kraus JF. Epidemiological features of brain injury in children: occurrence, children at risk, 
causes and manner of injury, severity, and outcomes. Trauma Head Inj Child. New  York: 
Oxford University Press; 1995. p. 22–39.

 6. Bruce, DA, Schut L. Concussion and contusion following pediatric head trauma. In: 
McLaurin  RL (Ed.), Pediatric neurosurgery: Surgery of the developing system. New York: 
Grune and Stratton. 1982;301–8.

 7. Barlow KM, Crawford S, Stevenson A, Sandhu SS, Belanger F, Dewey D. Epidemiology of post-
concussion syndrome in pediatric mild traumatic brain injury. Pediatrics. 2010;126:e374–81.

 8. Matz PG. Classification, diagnosis, and management of mild traumatic brain injury: a major 
problem presenting in a minor way. Semin Neurosurg. 2003;14:125–30.

 9. Prigatano GP, Gupta S. Friends after traumatic brain injury in children. J Head Trauma Rehabil. 
2006;21:505–13.

 10. Janusz JA, Kirkwood MW, Yeates KO, Taylor HG. Social problem-solving skills in children 
with traumatic brain injury: long-term outcomes and prediction of social competence. Child 
Neuropsychol. 2002;8:179–94.

 11. Hawley CA. Reported problems and their resolution following mild, moderate and severe trau-
matic brain injury amongst children and adolescents in the UK. Brain Inj. 2003;17:105–29.

 12. Hooper SR, Alexander J, Moore D, Sasser HC, Laurent S, King J, et  al. Caregiver reports 
of common symptoms in children following a traumatic brain injury. NeuroRehabilitation. 
2004;19:175–89.

 13. Wozniak JR, Krach L, Ward E, Mueller BA, Muetzel R, Schnoebelen S, et al. Neurocognitive 
and neuroimaging correlates of pediatric traumatic brain injury: a diffusion tensor imaging 
(DTI) study. Arch Clin Neuropsychol. 2007;22:555–68.

 14. Levin HS, Hanten G, Zhang L, Swank PR, Ewing-Cobbs L, Dennis M, et al. Changes in work-
ing memory after traumatic brain injury in children. Neuropsychology. 2004;18:240–7.

16 Long-Term Effects of Pediatric Mild Traumatic Brain Injury



330

 15. Bauer R, Fritz H. Pathophysiology of traumatic injury in the developing brain: an introduction 
and short update. Exp Toxicol Pathol. 2004;56:65–73.

 16. Bigler ED, Maxwell WL. Neuropathology of mild traumatic brain injury: relationship to neu-
roimaging findings. Brain Imaging Behav. 2012;6:108–36.

 17. Ewing-Cobbs L, Prasad MR, Swank P, Kramer L, Cox CS, Fletcher JM, et al. Arrested devel-
opment and disrupted callosal microstructure following pediatric traumatic brain injury: rela-
tion to neurobehavioral outcomes. NeuroImage. 2008;42:1305–15.

 18. Thatcher RW. Maturation of the human frontal lobes: physiological evidence for staging. Dev 
Neuropsychol. 1991;7:397–419.

 19. Levin HS.  Neuroplasticity following non-penetrating traumatic brain injury. Brain Inj. 
2003;17:665–74.

 20. Salorio CF, Slomine BS, Grados MA, Vasa RA, Christensen JR, Gerring JP. Neuroanatomic cor-
relates of CVLT-C performance following pediatric traumatic brain injury. J Int Neuropsychol 
Soc. 2005;11:686–96.

 21. Power T, Catroppa C, Coleman L, Ditchfield M, Anderson V.  Do lesion site and severity 
predict deficits in attentional control after preschool traumatic brain injury (TBI)? Brain Inj. 
2007;21:279–92.

 22. Johnson CP, Juranek J, Kramer LA, Prasad MR, Swank PR, Ewing-Cobbs L.  Predicting 
behavioral deficits in pediatric traumatic brain injury through uncinate fasciculus integrity. J 
Int Neuropsychol Soc. 2011;17:663–73.

 23. Basser PJ, Jones DK. Diffusion-tensor MRI: theory, experimental design and data analysis - a 
technical review. NMR Biomed. 2002;15:456–67.

 24. Bendlin BB, Ries ML, Lazar M, Alexander AL, Dempsey RJ, Rowley HA, et al. Longitudinal 
changes in patients with traumatic brain injury assessed with diffusion-tensor and volumetric 
imaging. NeuroImage. 2008;42:503–14.

 25. Treble A, Hasan KM, Iftikhar A, Stuebing KK, Kramer LA, Cox CS, et al. Working memory 
and corpus callosum microstructural integrity after pediatric traumatic brain injury: a diffusion 
tensor tractography study. J Neurotrauma. 2013;30:1609–19.

 26. van der Knaap MS, van der Grond J, van Rijen PC, Faber JA, Valk J, Willemse K.  Age- 
dependent changes in  localized proton and phosphorus MR spectroscopy of the brain. 
Radiology. 1990;176:509–15.

 27. Holshouser BA, Tong KA, Ashwal S. Proton MR spectroscopic imaging depicts diffuse axonal 
injury in children with traumatic brain injury. AJNR Am J Neuroradiol. 2005;26:1276–85.

 28. Walz NC, Cecil KM, Wade SL, Michaud LJ. Late proton magnetic resonance spectroscopy 
following traumatic brain injury during early childhood: relationship with neurobehavioral 
outcomes. J Neurotrauma. 2008;25:94–103.

 29. Parry L, Shores A, Rae C, Kemp A, Waugh M-C, Chaseling R, et al. An investigation of neuro-
nal integrity in severe paediatric traumatic brain injury. Child Neuropsychol. 2004;10:248–61.

 30. Anderson VA, Morse SA, Catroppa C, Haritou F, Rosenfeld JV. Thirty month outcome from 
early childhood head injury: a prospective analysis of neurobehavioural recovery. Brain J 
Neurol. 2004;127:2608–20.

 31. Suskauer SJ, Huisman TAGM. Neuroimaging in pediatric traumatic brain injury: current and 
future predictors of functional outcome. Dev Disabil Res Rev. 2009;15:117–23.

 32. Gerrard-Morris A, Taylor HG, Yeates KO, Walz NC, Stancin T, Minich N, et al. Cognitive 
development after traumatic brain injury in young children. J Int Neuropsychol Soc. 
2010;16:157–68.

 33. Anderson VA, Catroppa C, Rosenfeld J, Haritou F, Morse SA. Recovery of memory function 
following traumatic brain injury in pre-school children. Brain Inj. 2000;14:679–92.

 34. Levin HS, Hanten G.  Executive functions after traumatic brain injury in children. Pediatr 
Neurol. 2005;33:79–93.

 35. Anderson V, Catroppa C. Recovery of executive skills following paediatric traumatic brain 
injury (TBI): a 2 year follow-up. Brain Inj. 2005;19:459–70.

R. Danov



331

 36. Ewing-Cobbs L, Fletcher JM, Levin HS, Iovino I, Miner ME.  Academic achievement and 
academic placement following traumatic brain injury in children and adolescents: a two-year 
longitudinal study. J Clin Exp Neuropsychol. 1998;20:769–81.

 37. Arnett AB, Peterson RL, Kirkwood MW, Taylor HG, Stancin T, Brown TM, et al. Behavioral 
and cognitive predictors of educational outcomes in pediatric traumatic brain injury. J Int 
Neuropsychol Soc. 2013;19:881–9.

 38. Babikian T, Asarnow R.  Neurocognitive outcomes and recovery after pediatric TBI: meta- 
analytic review of the literature. Neuropsychology. 2009;23:283–96.

 39. Wade SL, Taylor HG, Cassedy A, Zhang N, Kirkwood MW, Brown TM, et  al. Long-term 
behavioral outcomes after a randomized, clinical trial of counselor-assisted problem solv-
ing for adolescents with complicated mild-to-severe traumatic brain injury. J Neurotrauma. 
2015;32:967–75.

 40. Yeates KO, Taylor HG, Barry CT, Drotar D, Wade SL, Stancin T. Neurobehavioral symptoms 
in childhood closed-head injuries: changes in prevalence and correlates during the first year 
postinjury. J Pediatr Psychol. 2001;26:79–91.

16 Long-Term Effects of Pediatric Mild Traumatic Brain Injury



333© Springer Nature Switzerland AG 2021
S. M. Slobounov, W. J. Sebastianelli (eds.), Concussions in Athletics, 
https://doi.org/10.1007/978-3-030-75564-5_17
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 Introduction

In 2010, Talavage et al. demonstrated that a high percentage of athletes participating 
in contact sports, in this case American football, exhibited dramatic changes in neu-
rophysiology without presenting discernable symptoms. Since then, the effects of 
these repetitive head acceleration events (rHAEs)—rapid head movements associ-
ated with direct blows to the head as well as whiplash motions resulting from 
impacts to the body—have been clarified using a range of neuroimaging techniques 
including functional magnetic resonance imaging (FMRI), diffusion tensor imaging 
(DTI), magnetic resonance spectroscopy (MRS), and susceptibility weighted imag-
ing (SWI). These injuries have generally been categorized using the label “subcon-
cussive” injuries, but this is a misnomer, related to conflation of the diagnosis of 
“concussion,” as determined by the presentation of particular symptoms, with the 
underlying pathophysiology. Rather, the injuries induced by exposure to rHAE are 
merely “asymptomatic,” consistent in the lack of external dysfunction with the pres-
ence of clear physiological abnormalities, like as in early stages of multiple neuro-
degenerative disorders (e.g., Alzheimer’s disease, Parkinson’s disease, and 
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Huntington’s disease) in which substantial alteration in brain structure and health 
can occur prior to the onset of symptoms.

This distinction between subconcussive and asymptomatic events is critical 
because researchers have for many years been trying to quantify the particular type 
of head impact that “causes” a concussion. Every attempt to ascertain the magnitude 
of this elusive hit has been unproductive given the underlying assumption that a 
singular event has occurred. Rather, the majority of concussions are influenced by 
the prior history of head impacts, certainly over the season in question and possibly 
from previous seasons (e.g., [1, 2]). More importantly, erroneous focus on “the hit” 
that causes a concussion has produced confusion in the larger community. A num-
ber of studies have attempted to generate injury risk curves associated with the 
magnitude of experienced rHAEs [3–5], or to define a threshold above which diag-
nosis of a concussion is deemed likely [6–9]. However, such efforts are critically 
flawed, as they both ignore the underlying pathophysiology brought about by 
asymptomatic injuries, and generally have failed to model all experienced rHAEs, 
focusing only on those events which led to the diagnosis of a concussion. As in any 
detection problem, a reliance on only the true positives leads to limited statistical 
power and fails to yield effective decision criteria.

Within the context of separating the pathophysiology from the symptomatology, 
a critical clinical challenge is to retain an emphasis on detection of concussion—a 
clear sign that brain injury has occurred—while also recognizing that the lack of 
observation of the symptoms associated with a concussion does not equate to a 
brain being healthy (see Fig. 17.1).

Acknowledgment of this key fact—that the symptoms and pathophysiology are 
related, but not equivalent [10]—represents a first step toward understanding and 
preventing longer-term consequences of rHAE-related brain injuries. While the 
alterations observed in such cases have been found to be consistent in location (e.g., 
white matter injures in the corpus callosum or other central tracts) and nature (e.g., 
decoupling of cerebrovascular reactivity; and alterations in neurotransmitter pro-
duction or consumption) with those injuries observed to be present when an athlete 
exhibits symptoms that lead to the clinical diagnosis of a “concussion” (e.g., loss of 
balance, impaired vision, slurred speech, and inability to control crying), there does 
not yet exist evidence directly linking particular elements of pathophysiology to 
symptomatology.

When we consider athletics, and particularly youth athletics, we must weigh the 
additional factor of the developing brain in our examination of the relationship 
between pathophysiology and symptomatology. The past several decades emphasiz-
ing early or on-field detection/diagnosis of a concussion has led to confusion regard-
ing what is and is not a fundamentally injurious activity, as well as to what is and is 
not of concern from a neurological perspective. Within the adolescent population, 
there is an inherent desire to be conservative, and as such, one viewpoint is that no 
collision-based activities are acceptable, as even the most subtle of rHAEs have 
been found to produce persistent (if not necessarily permanent) changes in brain 
structure and function. The counter, perhaps nihilistic, viewpoint is that there is 
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nothing that can be done to prevent any such injury so long as youth are likely to 
engage in activities that involve head collisions. As a result, we tend to be presented 
with the false choice that one may either participate in these activities and accept (or 
have accepted on their behalf) whatever risks exist, or that such activities (and their 
multi-billion-dollar economies) must be eliminated.

In reality, the path laid before the medical community is quite simple—gain a 
greater understanding of how pathophysiological changes are causally linked to 
exposure to rHAEs while moderated or mediated by genetic and lifestyle factors, 
and then develop preventative methodologies (including equipment) and corrective 
approaches (including potential pharmaceutical treatments) such that the risk of 
long-term neurological dysfunction is minimized for the vast majority of participat-
ing individuals.

Pre-season

rHAE
Exposure

Player A

Player B

Favoring
2-back

Favoring
1-back

“Concussion”

“Healthy”

Follow-up

Fig. 17.1 Comparison of task-based functional MRI (FMRI) activation patterns during a working 
memory task, using pre-participation measures within each subject as a self-control to document 
the presence of pathophysiologic changes in brain function for both (top) symptomatic and (bot-
tom) asymptomatic brain injury. The follow-up session for Player A (top right) was conducted 
shortly after completion of a high school football season, within 24 hours of diagnosis of a concus-
sion related to a failed dive. The follow-up session for Player B (bottom right) was conducted 
during a high school football season, within 24 hours of a game that ended a week in which the 
athlete was exposed to over 200 rHAEs of at least 10 g (assessed using HITS™). Observe that, for 
both athletes, the broad extent of activation favoring the harder (“2-back”) working memory task 
was greatly reduced following rHAE exposure, with many regions now exhibiting greater activa-
tion during the easier (“1-back”) task. Note that task performance was not altered at follow-up, 
relative to the pre-season assessment
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Consequently, we seek to explore how asymptomatic injury to the brain is pro-
duced by exposure to rHAE, and how subsequent measurable changes in brain 
health and function may guide future efforts at intervention, both to encourage the 
recovery and repair from such injury and to prevent such injury from occurring in 
the first place.

 Evidence for Pathophysiology in the Absence 
of Symptomatology

Given that, by definition, asymptomatic injuries do not produce readily identifiable 
symptoms, athletes may continue to participate in contact sports after development 
of an underlying pathophysiological change. Over the past decade, several groups 
of investigators have examined whether exposure to rHAEs results in changes to 
brain health. To effectively quantify these changes, it is typically necessary to fol-
low a structural health monitoring paradigm [11, 12]. This paradigm employs a 
series of steps, including (1) baseline quantitative assessments that may include 
cognitive testing and neuroimaging; (2) season-spanning recording of rHAE fre-
quency, type, and severity using accelerometers or similar sensors; (3) focused 
analysis on athletes diagnosed with concussions during the season; and (4) re- 
evaluation of all athletes at the end of the season. To date, studies using this approach 
[13–17] have been conducted primarily (but not exclusively) in tackle football ath-
letes, including those participating at the youth, high school, and college levels.

In the initial application of this paradigm, the authors initially reported that 
approximately half of the high school football athletes studied exhibited extensive 
within-season alterations in FMRI activation during a visual working memory task 
[14, 18]. These alterations were best explained by the number of rHAE exposures in 
the preceding week. After the season, this task-based activation generally trended 
toward pre-participation levels, suggesting that at least some of the neurophysiolog-
ical changes were transient. A simultaneous effort implemented by Bazarian and 
colleagues [13] revealed comparable trends in MRI measures of white matter health.

Subsequent work has demonstrated a general propensity for accumulation of 
pathophysiological changes throughout the competition season—that is, over the 
duration of time when athletes are regularly exposed to rHAEs. These studies have 
further demonstrated that many of the changes in brain function and structure, 
observed in up to 70% of the studied athletes [12], may be explained using measures 
of rHAEs—for example, counts and magnitudes [14, 15, 17, 19–28].

Ongoing work is elucidating the time course of the process of brain health altera-
tion and recovery. Alterations in FMRI activations appear to arise as a short-term 
(within several weeks) consequence of exposure to rHAEs [14], or to be associated 
with an abrupt increase or decrease in the level of weekly exposure [29, 30]. While 
some recovery in task-based FMRI activation appears to be possible during a season 
[12], continued accumulation of rHAEs seems more likely to lead to continued 
accrual of impairment [31]. These observations imply that some local neuronal 
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“rewiring” may be able to resolve networking inefficiencies, thereby precluding 
observation of classical symptoms even though the brain is not truly healthy. Other 
changes in brain health, such as decreased cerebrovascular reactivity [28, 32, 33], 
alterations in brain chemistry [26, 34], and changes in white matter health [13, 17, 
20, 24, 35–38], hint at a gradual buildup of changes over the course of the entire 
season, with the potential for prolonged alterations that may effectively be persis-
tent if athletes continue to participate in collision-based activities year-round—for 
example, soccer athletes who participate in club competition in the off-season [33, 
39], or football athletes who compete in other collision-based sports (e.g., wres-
tling, ice hockey, and lacrosse) over the winter and spring (e.g., [34]).

These functionally observed asymptomatic changes may have more profound 
short-term effects than previously believed. Resting-state functional connectivity 
has been found to yield robust patterns of connectivity—"fingerprints”—that are 
unique and reproducible for each individual [40, 41], yet organized into relatively 
consistent networks across a population (e.g., [42]). These patterns of connectivity 
have been documented to be appreciably altered in patient populations with neuro-
degenerative disorders, such as Alzheimer’s disease (e.g., [43]), Parkinson’s disease 
(e.g., [44, 45]), and Huntington’s disease (e.g., [46–48]). As such, we know that 
changes in the underlying structure of the brain can be reflected at the network level. 
Recent work in high school football athletes has documented that even the robust 
“fingerprint” that is unique to each individual may be altered following prolonged 
exposure to rHAEs, such that individuals come precariously close to no longer 
being “themselves” (Fig. 17.2 [49]). It is plausible that this approach toward, but not 
crossing of, the boundary with a domain in which an individual is no longer unique 
underpins why most accumulated injuries are classified as “asymptomatic.” Further, 
given that the potential appears to exist for prolonged exposure to rHAEs to funda-
mentally alter “who” we are, the early detection of asymptomatic injury is even 
more important.

The asymptomatic pathophysiology and functional alterations noted above sug-
gest that, at least within the competition season, the natural healing processes are 
unable to overcome the rate at which such injuries accrue. All of the discussed 
alterations have been found to arise within a single season of participation in colli-
sion sport competition, and a substantial, but incomplete, recovery within 
12–15 weeks of the cessation of rHAE exposure (e.g., [30, 31]). However, while it 
is good that recovery occurs, there is concern that these asymptomatic injuries 
might persist more than a few weeks or months beyond the cessation of participa-
tion, particularly in sports for which activities have taken on an almost year-round 
nature (e.g., soccer), or in athletes who participate in multiple collision sports over 
the course of the calendar year (e.g., football followed by wrestling and/or lacrosse).

As players continue to participate year after year in collision sports, it is logical 
to be concerned that persistent presence of pathophysiology will lead to permanent 
alterations in some aspects of brain health. White matter evaluation using DTI has 
demonstrated troubling differences in football players from season to season with 
observations of increased fractional anisotropy (FA) and decreased mean diffusivity 
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(MD), which is typically associated with swelling or inflammation [50]. Evidence 
for such chronic shifts in brain health exist from metabolomic studies, for which 
collegiate football athletes assessed prior to the onset of collision activities exhibit 
highly atypical levels of a range of compounds (e.g., [51]). Such alterations in brain 
physiology are not entirely without behavioral evidence, as studies using virtual 
reality-based assessment of balance and motor coordination suggest impairment in 
some athletes even before the beginning of a season [52]. Note that these deviation 
measures do, in fact, represent impairments, even though such athletes would be 
more likely expected to evidence better than normal performance.

Cross-individual similarity (IOTHERS)
(Non-collision athlete controls)

Self similarity index (ISELF)
(High school football athletes)
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Fig. 17.2 Comparison of functional connectome self-similarity (e.g., Finn et al. [40]; Amico and 
Goni [41]) in football athletes with cross-individual similarity in non-collision sport athlete con-
trols effected for football athlete assessments during (In1 and In2) and after (Post) a season of high 
school football. Note that the distribution of self-similarity of football athletes at In2 with them-
selves at Pre (middle) shifts appreciably toward the distribution of cross-individual similarity dis-
tribution observed across a corpus of high school non-collision sport athlete controls. This shift 
suggests that, following extensive exposure to rHAEs, football athlete functional connectomes are 
changed to the point that many athletes exhibit connectivity as disparate from their (presumed) 
healthy state at Pre as if they were, in fact, a different individual. (Image based on Bari et al. [49])
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Therefore, the pathophysiology being observed in adolescent athletes is damage, 
and it has a meaningful risk of becoming persistent (chronic), should the healing 
processes remain overwhelmed by the continued accrual of injury.

 Contributing Factors to Asymptomatic Injury

We now seek to explore additional factors that contribute to asymptomatic injury. 
We have documented, above, the evidence arguing for the accrual of asymptomatic 
injury based on the observation of both pathophysiologic changes in brain structure 
and function, as well as evidence of behavioral alterations not typically assessed in 
a clinical setting—that is, the pathophysiology is not truly without symptomatol-
ogy; rather, the symptomatology of “concussion” is inadequate. The most immedi-
ate culprit—rHAE exposure—has been well explored, and while an appreciable 
(often 20–25%) portion of the variance associated with pathophysiologic changes 
may be explained by monitoring rHAEs, it is clear that the present acquisition tech-
nology and the associated data are insufficient for detection of injury, and likely 
insufficient to be effective guides for fully effective development of protective tech-
nologies and interventions. It is plausible that the variation in athlete height, weight, 
skill level, chosen protective equipment, and other clinical variables may be catego-
rized through large-scale studies. However, the potential remains for meaningful 
predisposition of an individual to susceptibility to rHAE-related pathophysiology 
from the athlete’s sex, genome, and other inalterable biological sources. We will 
here first consider those factors that are inherent and may be important to factor into 
decisions related to play or return to play (e.g., if they affect recovery), and then 
move on to factors which may be more likely to be mutable within the context of a 
sport (e.g., equipment and training).

 Genetics

A role for genetics in the incidence and progression of neurodegeneration has previ-
ously been established in Alzheimer’s disease and Parkinson’s disease, among oth-
ers (e.g., [53, 54]), making it reasonable to suspect a genetic susceptibility in 
concussion. Early work in this area focused on variation in the apolipoprotein E 
(APOE) gene (e.g., [55–58]) which affects clearance of beta amyloid and mediates 
the transport of cholesterols in the brain [59]. APOE variants have been related to 
more severe symptoms and slower recovery after traumatic brain injury [55, 58, 
60–64] and may predispose athletes in contact sports to concussion [57, 65].

In addition to APOE variants, other genes are likely to contribute to susceptibil-
ity or resistance to brain injury. Several genes critical for normal brain function such 
as brain-derived neurotrophic factor (BDNF) and the serotonin transporter gene 
5-HTT have been suggested to influence the repair and recovery processes after 
mild traumatic brain injury [66–68] but additional work is needed to elucidate these 
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relationships. A more recent study used a candidate gene approach to demonstrate 
that the KIAA0319 genotype was statistically correlated with the number of diag-
nosed concussions in a cohort of contact sport athletes [69]. Interestingly, KIAA0319 
variants have been shown to affect the manner in which the neurons adhere to the 
glial cytoskeleton, potentially altering the way that the cells respond to mechanical 
impacts [69, 70]. Weaker trends were demonstrated for BDNF, COMT, TPH2, and 
DARC. These data suggest that the brain’s response to rHAEs may be affected by a 
number of different pathways (plaque clearance, chemical transport, cell-matrix 
interactions, etc.) and it is unlikely that a single gene will dominate the overall 
pathophysiology. These results do suggest that there may be individuals with a com-
bination of genetic variants who are predisposed to respond to rHAEs in a negative 
way. Identifying this population would require a longitudinal study that goes beyond 
the diagnosis of concussion. To be fruitful, it requires an assay of these genes, with 
concomitant measurements of brain health via imaging and cognitive assessments, 
rHAE exposure, age, and sex to elucidate the relevant co-factors.

 Sex

Although most studies have focused on male athletes, it is also important to study 
female athletes to determine the degree to which they are at risk for concussion and 
neurological changes due to rHAEs. Understanding how rHAEs might differentially 
affect males and females will provide insight into appropriate rules changes, recom-
mended training techniques, and more accurate diagnostic and rehabilitation prac-
tices for each group.

There is ample evidence for differences between males and females regarding 
concussion, with it seeming appropriate to extend the implications of these findings 
to risk of asymptomatic injury. Within the domain of diagnosed concussions, high 
school female athletes are more than twice as likely as male athletes in comparable 
sports (e.g., soccer, basketball, baseball/softball, cross country, swimming, and 
track and field) to sustain a concussion [71]. Psychophysical testing following con-
cussion diagnosis reveals that females exhibit slower reaction times relative to base-
line than do their male counterparts [72]. Further, females appear not only to be 
more adversely affected by concussions but they are also more likely to report 
symptoms, perhaps contributing to their observed higher concussion rates [71, 72].

Psychophysical testing subsequent to soccer heading suggests that sex-related 
effects can be observed in asymptomatic athletes. As an example, let us consider 
two evaluations of how reaction times have changed with rHAE exposure for high 
school-aged soccer players. Zhang et al. [73] found that the reaction time on an anti- 
point task (stimulus in one direction, select the option in the opposite direction) was 
loosely related to the number of headers and strongly related to the time dedicated 
to the sport per week and years of experience for high school female soccer players. 
In a comparable manner, heading-based rHAE exposure was only found to decrease 
the speed at which high school-aged male soccer players improved their reaction 
times over repeated testing [74]. One hypothesis is that the males—likely having 
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stronger neck structures, and greater overall mass with which to absorb incident 
energy—may simply be less affected by each heading event, but should rHAE expo-
sure be severe enough, they might ultimately mirror the female athletes in exhibit-
ing poorer reaction times.

Neuroimaging studies of athletes dealing with probable asymptomatic injury 
support the idea that females are differentially at risk for brain injury. While female 
soccer athletes tend to accrue many fewer head impacts than do their male football 
counterparts, observed changes in females for cerebrovascular reactivity and brain 
chemistry are usually no less prevalent, albeit often of lesser magnitude [12, 26, 33]. 
Measures of brain structure in asymptomatic athletes participating in a common 
sport have also revealed differences as a function of sex that are unlikely to be 
caused only by differences in mechanical loading (i.e., extent of rHAE exposure). 
Female and male collegiate hockey players were evaluated using DTI before and 
after a season of play, with female athletes exhibiting significant diffusivity differ-
ences while males exhibited none [75]. Similarly, female soccer athletes were found 
to be more sensitive to heading than men, exhibiting lower FA values that were cor-
related with such exposures than were their male counterparts [76]. As a general 
rule, these sex-specific observations of pathophysiology are attributed to group dif-
ferences in the response to the milieu of rHAE severity, frequency, origin (e.g., 
heading the ball vs. collisions with the ground), as well as physiological or hor-
monal differences.

 Physical Activity/Sport

Differences across physical activities, including sports, will also affect an athlete’s 
exposure to rHAEs, and therefore risk of developing neurological pathophysiology. 
Football and girls’ soccer typically have the highest rates of concussion, so to char-
acterize the rHAEs sustained by these athletes may shed light on how injury accrues, 
possibly leading to diagnosed concussion [77–79]. While football and female soc-
cer athletes exhibit rHAEs having a similar average peak translational acceleration 
(PTA), football players sustain more rHAEs over the course of the season, and 
female soccer players experience a higher average peak angular acceleration (PAA) 
[80]. The difference in rHAE frequency is likely due to differences in game play and 
the role that head impacts play within the sports (i.e., football players likely experi-
ence a collision on each play, whereas soccer players do not head at every opportu-
nity). It is postulated that the difference in PAA is a consequence of protective 
equipment—a helmet may reduce linear energy transmission to the head, but the 
resulting increased radius provides a larger moment arm by which angular accelera-
tion may be induced. While confounded by the linkage of sex and sport, neuroimag-
ing findings suggestive of differential changes in brain chemistry [26] and 
cerebrovascular reactivity [28, 33] are not inconsistent with the expected differ-
ences in rHAE exposure. Further, these studies have documented a common thresh-
old for rHAE exposure (50  g), above which changes in brain health were more 
likely to be observed in asymptomatic athletes, whether male or female [26, 28].
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 Competition/Skill Level

One last environmental factor to be addressed here is how the level of play of ath-
letes may affect the frequency and severity of rHAEs. However, it must be noted 
that, for youth athletes, it is difficult to decouple competition level from age. To this 
end, let us focus on a comparison of women’s soccer at the high school and colle-
giate levels, given that the size differences between these competitors are lesser than 
would exist if we contrast early adolescents against older individuals. Within this 
sport, we do know that the increase in competition level results in a greater exposure 
to rHAEs, both on a per-game and cumulative basis [39]. These differences most 
likely arise from the increase in average strength and skill level for college athletes. 
These increases are found to be amplified in games relative to practices [39, 81], and 
exhibit appreciable dependence on the position played [81]. Elevated rHAE expo-
sure (both number and magnitude) at the collegiate level would be expected to pro-
duce greater risk of asymptomatic injury, and also to be reflected in greater diagnosed 
concussions. The latter is documented in the literature, both for games relative to 
practice and the collegiate level relative to high school [77].

 Prevention of Asymptomatic Injury

Having now addressed the pathophysiology underlying asymptomatic brain injury 
and how a range of biological and environmental factors might contribute to or miti-
gate its accumulation, we may now begin to explore how we might intervene. 
Because treating an existing brain injury is both exceedingly difficult and has proven 
to yield mixed results, prevention of injury is the preferred intervention strategy. 
There are many avenues that one could follow to reduce injuries including the 
development of improved protective equipment, improved training, exposure moni-
toring, rule changes, and non-invasive quantitative clinical assessments—all of 
which fall within the framework of structural health monitoring, which has been 
used effectively by the airline and automotive industries.

 A Framework for Evaluation—Structural Health Monitoring

Structural health monitoring evolved from the case of the De Havilland Comet, the 
first commercial jet airline. Catastrophic in-flight failures of these planes during the 
early 1950s led engineers to perform an intensive analysis of fatigue failures, ulti-
mately determined to originate at the corners of square windows and propagate 
throughout the fuselage of the plane. Every decompression-compression cycle 
caused small cracks to extend in much the same way that each rHAE increases the 
magnitude and extent of neurophysiological changes in the brain. In the airline 
industry, methods for non-destructive evaluation were developed that remain in use 
today, including acoustic emissions, liquid penetrant testing, eddy current testing of 
welds, infrared and thermal measurement systems, holography, and vibration 
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analysis. Engineers have further extended structural health monitoring of structural 
materials by integrating methods originally developed for medical applications such 
as radiography and computed tomography, ultrasound, and MRI. When these tech-
niques are combined with flight logs and statistical analysis, a true structural health 
monitoring process can be achieved, and the risks of catastrophic failures in any 
material decrease substantially.

Utilizing a structural health monitoring model to improve overall brain health 
can be both effective and economical. If symptomatic TBI can be interpreted as a 
system failure, then prospective monitoring and predictive modeling of the internal 
damage can be used to determine when an individual should be clinically evaluated 
or removed from practice or competition entirely. It should be noted that one of the 
most important aspects of the prospective monitoring is ensuring that it is quantita-
tive. This requires the acquisition of multiple pre-participation assessments for each 
individual because there is simply too much variability between individuals to use 
population averages. To date, this process has demonstrated that male and female 
collision sport athletes experience asymptomatic brain injuries that alter their neu-
rophysiology at considerably higher rates than the incidence rates for diagnosed 
concussions. Interestingly, the rates are similar to those found by Baugh et al. [82] 
using post-season surveys to assess the level of undiagnosed concussions over the 
course of a season of collegiate football. Thus, this approach to the tracking of accu-
mulated injury and natural repair processes can be used to identify techniques for 
assessment of brain health (e.g., virtual reality assessments, cognitive testing, and 
blood biomarkers) that may be cheaper or more effective than present approaches 
(e.g., expensive MRIs), allowing for streamlining of the care of athletes exposed 
to rHAEs.

Ultimately, structural health monitoring model provides the necessary frame-
work to evaluate benefits of potential interventions intended to protect athletes from 
brain injury. Conducting such monitoring in controlled studies can allow for docu-
mentation of the nature and extent of benefits from novel interventions such as new 
training techniques and rule changes, and new designs for protective equipment 
(both passive and active). Before discussing these two key interventional mecha-
nisms, we must begin by considering how we are to monitor the external events (i.e., 
rHAEs) that will affect our structure of interest (i.e., the brain).

 Intervention—Exposure Monitoring

We must recognize that a fundamental aspect of structural health monitoring as 
applied to the prevention of TBI is the measurement of rHAE exposure. Moreover, 
any alterations we might effect to protect athletes will expressly be intended to 
reduce either the number of or the incident energy associated with the experienced 
rHAEs. In an ideal world, we would prefer directly to measure the incident energy 
or its suitable proxy, the force experienced by the recipient of an impact or whiplash 
movement. Note that this incident force appears to be the more critical component, 
given that the acceleration profile of experienced rHAEs appears to be relatively 
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independent of the sport being played, and may be relatively independent of the sex 
of the athlete [80]. This remarkable uniformity of experienced accelerations sug-
gests that differences in historical rates of diagnosed concussions are a consequence 
of the energy being transmitted through the skull of the athlete, a quantity more 
directly related to the incident force. However, given that the computation of the 
incident force requires appreciable instrumentation, we are left with the unfortunate 
reality that, for the vast majority of sports and age groups, measurement of the inci-
dent accelerations is the practical objective. With sufficiently large studies, profiles 
of experienced rHAEs may be combined with individual physical characteristics to 
produce sex- (and possibly sport-) specific modeling of the energy transmitted 
through the skull.

At present, accurate measurement of accelerations associated with rHAEs is a 
distinct challenge, both from the perspective of implementation and quality of data. 
Initial efforts at rHAE monitoring focused on the use of sensors embedded in pro-
tective equipment (e.g., the helmet). Such systems provided appreciable ease of use, 
but, due to their not being affixed to the skull, were frequently imprecise [83]. The 
next generation of devices that were released to the market were intended to be 
affixed to the head of the athlete, paving the way for conducting larger-scale longi-
tudinal studies in non-helmeted sports. However, while these devices provided 
improvements in precision, they largely suffered from inaccurate kinematic model-
ing that made them highly susceptible to errors in estimation of angular acceleration 
[84]. Further, the need to attach them to the skin—a surface that does not lend itself 
to strong, yet temporary, adhesion—often led to low reliability in hot or humid con-
ditions and may have contributed to additional inaccuracy [85]. It should also be 
noted that the need to affix, possibly reattach, and subsequently collect and clean 
such sensors on a daily basis greatly increases the demand for personnel beyond that 
which is practical for most youth teams. Simultaneous with the development of 
these smaller, skin-based devices, work has been ongoing for the development of 
mouthguard-based sensing, which offers an ideal linkage to the skull and its encased 
brain, providing one of the most practical measurements of experienced accelera-
tions. Note that many racing sports use ear canal-based sensors, which could offer 
greater accuracy, but such devices could also reduce hearing acuity—at a minimum 
increasing the hearing threshold—while also being more prone to displacement in 
the case of head impacts. Thus, it is likely that future work will emphasize 
mouthguard- based sensing, as these approaches offer appreciable ease of use as the 
athlete can be granted control of the dual sensing and protective device, and such 
protective equipment can readily be made unique to a given athlete, providing 
appreciable information for kinematic modeling.

Practical measurements of the accelerations associated with rHAEs, combined 
with personalized kinematic modeling (see below), will allow a complete structural 
health monitoring approach to be implemented in athletes, permitting both charac-
terization of injury and documentation of reductions in said injury from the inter-
ventional approaches described above. Such an approach will also permit 
identification of thresholds or protective needs for each athlete—providing an ideal 
case in which every athlete may participate in sport while also minimizing their 
short- and long-term risks of neurological injury.
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 Intervention—Training and Rules Changes

Various recommendations have been made to increase the safety of contact sports, 
related to how an athlete participates. It is of interest to find evidence-based inter-
ventions that can be easily implemented while maintaining the competitive nature 
and spectator appeal of the game. Football has been the primary focus of these 
efforts due to the number of direct, forceful head impacts sustained by these ath-
letes. However, ice hockey and soccer have also sought legislative changes—pri-
marily at the youth level—that might reduce the exposure of participating athletes 
to rHAEs.

One means to reduce injury has been to change the rules of play to eliminate 
specific activities that are associated with concussions or other clinically diagnosed 
head injuries. Ice hockey has sought to reduce the risk of injury at the youth level 
through the prohibition of body checking [86]. Similarly, soccer in the United States 
has prohibited the heading of the ball prior to the age of 12 [87]. While an argument 
is frequently made that not performing or developing these skills in lower levels of 
play will preclude learning of proper technique, an assessment in ice hockey of the 
effects on concussions at higher levels of play did not find any deleterious effects of 
the delayed introduction of body checking [86, 88].

Within football, several recommendations have been made to prevent concussion 
or to reduce exposure to rHAEs. One recommendation has been that linemen should 
only start in an “up” (or two-point) stance [89]. This proposal has been documented 
(see Fig. 17.3) in practice to reduce exposure to rHAEs [90]. Additional football 
rule change proposals have included minor alterations kickoffs, often thought to be 
the most dangerous play in football, particularly with regard to concussions. As 
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Fig. 17.3 Schematic of the (a) “down” (e.g., 3- and 4- point) and (b) “up” (e.g., 2-points) starting 
stances for offensive linemen and distribution of rHAEs by PTA in the game for the (c) defense and 
(d) offense [90]. In (a) and (b), the defensive linemen is on the left and offensive lineman on the 
right. In (b) the offensive linemen in the “up” stance has their head and hands higher than in (a) a 
“down” stance. This could allow the offensive linemen to get their hands in front of them faster to 
avoid getting hit in the head and keep their head out of the way of an oncoming defensive lineman
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with the stance change, implementation of relatively simple changes to the kick-
off—moving the kickoff form the 35-yard line to the 40-yard line and the touchback 
line from the 25-yard line to the 20-yard line—was found to reduce the concussion 
rate from 10.93 (per 1000 plays) to 2.04 [91].

General changes to training techniques or even simply to the style of play associ-
ated with a football team may also reduce the number of rHAEs sustained by play-
ers during a season. Implementation in practices of helmetless tackling drills 
resulted in 26–33% fewer game rHAEs (per athletic exposure) as assessed at vari-
ous times in a season [92]. Alteration of a team’s offensive scheme to be more pass 
oriented than run oriented has also previously been documented to reduce the num-
ber of rHAEs [93]; however, such scheme-level changes are unlikely to be widely 
implementable, as offensive plans are heavily influenced by coaching philosophy, 
player talent and skill levels, opponent, and game situation.

 Intervention—Protection

Historically, the most appealing solution to reducing head injuries (and, for our pur-
poses, rHAE exposure) has been the use of helmets or other protective equipment. 
Devices which will absorb or deflect incident energy away from the head, and which 
to do not inherently force an alteration to the means by which the sport is played, are 
most desirable. To date, the primary means to affect changes in rHAE exposure have 
been through helmets, noting that some sports (e.g., soccer and rugby) do not allow 
for such protection in the absence of a fundamental change to the nature of play.

Since the early twentieth century, helmets have evolved from tooled leather caps 
to more complex structures with polymer shells, steel, or titanium facemasks, and 
numerous types of padding inserts [94]. The National Operating Committee on 
Standards for Athletic Equipment (NOCSAE) produced its first helmet testing stan-
dard in 1973, which decreased the rate of head impact-related fatalities [95]. In 
addition to the certification of existing helmets, their drop tower-based testing pro-
tocol (Fig.  17.4a) has been used to evaluate the effects of facemasks [96], after 
market add-on devices [97], helmet reconditioning [98], and gross differences 
between helmets from different sports [99]. Interestingly, the most substantive 
effects were observed between football and lacrosse helmets with football helmets 
ameliorating impacts to a much greater degree than lacrosse helmets [99]. 
Unfortunately, the inability to quantify the input force during the drop tower impacts 
limited its use in designing helmets for specific sports and levels of play.

More recent studies have focused on the use of a Hybrid III headform to obtain 
more biofidelic data (e.g., [100–104]), especially those associated with sport- 
specific impacts. Building on these efforts, recent work has integrated a modal ham-
mer with the Hybrid III headform, making it possible to quantify both the input 
impacts and output accelerations (Fig. 17.4b). These data can be used to help delin-
eate design features that promote energy absorption, an analysis that has been 
applied to helmets for football [105] and lacrosse [106]. Extending this technology 
to incorporate a finer-grained frequency analysis (Fig  17.4c) offers further 
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refinement to the analysis of mechanical load transmission [107]. Continued 
improvements to helmet testing protocols will undoubtedly offer additional data, 
but it should be noted that a more fruitful approach would incorporate helmet type 
into the structural health monitoring framework and use clinical data, especially 
neuroimaging, to evaluate their efficacy.

Given that many sports (e.g., rugby or soccer) have rules and gameplay that do 
not lend themselves to the use of helmets or other relatively rigid protective head-
wear, other approaches to protection have been explored over the past several 
decades. Such efforts have ranged from cushioned headbands purported to reduce 
the incident energy from heading the ball or colliding with other athletes to a jugular 
compression collar that is intended to increase intracranial pressure and reduce rela-
tive motion of brain tissue within the skull.

The addition of external padding, whether worn over a helmet [97] or directly on 
the skull, has proven to reduce accelerations experienced by athletes, but not at a 
level that is likely to meaningfully alter pathophysiologic changes, given that the 

a b c

Frequency-based analysisModal hammer-based testingDrop tower-based testing

Fig. 17.4 Depiction of methods that have been used to characterize the protective aspects of helmets 
used in sports such as football or lacrosse. (a) The National Operating Committee on Standards for 
Athletic Equipment initially advocated for use of a drop tower to evaluate the energy absorption of 
helmets. This test has been superseded by use of a pneumatic ram, allowing for greater ability to 
quantify accelerations associated with impacts other than to the crown of the helmet. (b) Location-
specific energy absorption can be better quantified using a modal hammer which allows for quantifi-
cation of both the input forces and output accelerations [109]. (c) Frequency domain analysis of the 
energy input to, and subsequently transmitted by, a helmet provides a finer-grained quantification of 
energy absorption, identifying bandwidths in which particular constructions may be more effective at 
reducing the transmission of incident energy to the head and brain [107]
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reduction (typically fewer than 5 g) is quite small relative to the approximately 50 g 
thresholds observed (via neuroimaging) to best predict brain alterations [26–28].

One alternative protective measure that has been studied using a structural health 
monitoring approach—with evidence of some benefit—is the use of jugular com-
pression. Several pilot studies have documented reductions in the alterations of 
functional activation and white matter structure observed in asymptomatic high 
school athletes using these devices relative to those who do not [16, 38, 50, 108]. 
Further, additional preliminary evidence for a protective effect has been derived 
from pilot study of blast exposure [109]. While it is unclear if measures such as this 
carry any as-yet unforeseen risks [110], it does indicate that means to prevent 
asymptomatic injury need not necessarily be of a shield-like nature.

 Future Work—Personalization of Injury Prevention 
and Treatment

The approaches to prevention and intervention outlined above provide good starting 
points, but all largely involve mechanisms that are intended to limit or prevent rHAE 
exposure for all athletes, even though we have documented above that there are 
additional factors that may affect the risk for a given individual athlete. This point 
raises the question whether it may be possible to personalize the approach to injury 
mitigation or prevention, thereby reducing the level of rules or instructional changes 
required to permit more athletes to participate in more sports, more safely. Such 
future work may be built on wedding neuroimaging data to improved finite-element 
(FE) modeling and simulation approaches, allowing each individual rHAE experi-
enced by an athlete to be modeled and combined with ever-improving models of the 
natural repair processes to predict the level of risk for prolonged accumulation/pres-
ence of pathophysiology.

Creating individual FE models from structural neuroimaging data allows for 
accurate separation of tissues, head sizing and measurements, and implementation 
of age- or development-specific material properties and physiology. When com-
bined with a player’s specific rHAE history (collected by sensors worn during play), 
the FE model can illuminate specific locations within the brain at which an indi-
vidual may experience high stress and strain. These locations can be correlated with 
neuroimaging data to illuminate how stress and strain fields are related to microscale 
changes in the brain (i.e., changes in metabolite concentration, white matter integ-
rity, and blood flow). Validation of this type of approach has previously been piloted 
(e.g., [111, 112]), but limitations in telemetry and the detail level of the underlying 
FE models preclude the widespread adoption of this approach on an individual- 
athlete basis.

The FE models can be expanded to also incorporate the musculature and muscle 
activation profiles of an individual’s neck. In such a case, the model inputs could be 
expanded to include characteristics of rHAEs (e.g., force, location, and angle) with 
acceleration recordings from sensors to better understand the stabilizing contribu-
tion of neck muscles. Such data could lead to personalized preventative care 
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strategies for each player to limit the neurological changes by creating player- 
specific plans to reduce or remove rHAEs while still allowing them to participate in 
the season. For example, characterization of the role in dissipation of energy from 
blows to the head played by the coupling of the head to the body could provide 
feedback allowing each player to focus on improvement of technique or increasing 
neck strength, whichever might prove more efficient in protection from injury dur-
ing contact.

In the long run, development of individualized modeling and simulation coupled 
with a large-scale study incorporating structural health-monitoring approaches 
could provide not only validation for efforts to characterize the individualized 
pathophysiology of asymptomatic injury (and the genetic susceptibility thereto) but 
also serve as the basis for evaluating whether particular interventions are efficacious 
at this individual level. Such a large-scale study would also be expected to permit 
identification of those characteristics and participation measures most relevant to 
accumulation of injury, likely reducing the long-term cost and invasiveness of the 
screening and monitoring necessary to track and fairly predict the risk of accrual of 
both short- and long-term pathophysiology that might eventually transition from 
asymptomatic to symptomatic.
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 Introduction

Sport-related concussion (SRC), otherwise known as mild traumatic brain injury, is 
a cerebral neurological disruption induced by traumatic biomechanical forces [1] 
resulting in acute clinical symptoms. When accounting for both reported and 
unreported SRC, prevalence of concussion falls between 1.6 and 3.8 million injuries 
per year [2].

To optimize the student-athlete’s (SA) health and well-being, the healthcare pro-
vider must rapidly recognize, remove, and evaluate any SA with a suspected 
SRC. There are several position statements to guide clinicians depending on their 
healthcare licensure and place of employment. For example, athletic trainers (ATs) 
would be held to the standards set forth by the National Athletic Trainers’ Association 
(NATA) [3] and the International Concussion in Sport Group [4]. Physicians, on the 
other hand, would not be held to the standard of the NATA, but would need to 
comply with the American Medical Society for Sports Medicine (AMSSM) 
statement [5]. Either healthcare professional practicing within the National 
Collegiate Athletics Association (NCAA) may be required to follow the guidelines 
outlined by the NCAA [6]. While it would be impossible to review every position 
statement (>20 since 2001), this chapter compares and contrasts four key guidelines 
regarding their clinical recommendations for SRC identification and management: 
NCAA, NATA, Concussion in Sport Group, and AMSSM.
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 Concussion Education and Baseline Assessment

 NCAA

Institutions within the NCAA are required to provide educational materials to SAs, 
coaches, ATs, athletics directors, and team physicians every year, with signed 
acknowledgment that these individuals have read and understood institution’s 
specific SRC management protocol.

Prior to participation in collegiate athletics, SAs undergo a single, prepartici-
pation SRC assessment including, but not limited to: SRC/brain injury history, 
symptom inventory (total number and severity), and neurocognitive and balance 
assessments. Following testing, the team physician must clear the SA to partici-
pate in sport [7].

 NATA

Current guidelines encourage ATs to collaborate with administrators to ensure 
parents, coaches, and SAs are educated on SRC prevention, mechanisms of 
injury, recognition, referral, short- and long-term effects, and overall ramifica-
tions of improper management [8]. The AT is responsible for all relevant gov-
erning bodies’ SRC policies, such as at the school, state, and athletic 
conference levels.

In addition to SAs participating in collision sports undergoing baseline assess-
ments before the start of the competitive season [9, 10], so should adolescent SAs 
with SRC history and those with comorbid conditions. If resources are readily avail-
able, schools should aim to test all SAs on an annual basis [11]. The baseline assess-
ment should consist of a comprehensive medical history questionnaire, physical and 
neurological evaluations, as well as motor control and neurocognitive assessments 
[9]. All baseline examinations should be reviewed for intentional suboptimal perfor-
mance to reduce the risk of SAs from returning to sport prematurely. Baseline eval-
uations should be administered to small groups in quiet, secluded areas of the 
athletic training room or clinic.

 Concussion in Sport Group

Although baseline assessments provide healthcare providers the opportunity to 
educate their patients on SRCs, the 2016 consensus group agreed that, although 
useful, baseline assessments are not necessary to interpret postinjury scores. In 
addition, inevitable extraneous variables may also influence the interpretations 
of the postinjury assessment (game vs. clinic setting, postexercise, etc.). If a 
clinician elects to test SAs, the postinjury environment should replicate the base-
line test.
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 AMSSM

The preparticipation exam (PPE) documents a SA’s medical history prior to clear-
ance for sport activity from a healthcare provider. The PPE should capture comorbid 
conditions such as attention deficit or learning disorders, motion sickness, mood 
disorders, or family history of migraines. Consistent with other guidelines, the base-
line evaluation should include a symptom checklist, balance assessment, and cogni-
tive evaluation as the core components of the initial baseline evaluation. Despite 
several organizations that recommend baseline assessments prior to the start of 
sport participation [4, 6], AMSSM indicates baseline testing has been proven to not 
be as necessary as initially thought, and in some cases is no longer an accepted 
standard of care in collegiate athletics [6].

 Summary

Although differences exist between organizations, the sports medicine staff is 
encouraged to educate administrators, coaches, and other associated staff about the 
risks of SRC in collegiate athletics. The NCAA requires educational materials to be 
provided for SAs and coaches prior to athletic participation, with a signed 
acknowledgment. In addition, annual baseline assessments may or may not be 
required for collegiate SAs depending on the requirements established within the 
institution’s SRC management policy. Although baseline assessments are not 
necessary to interpret postinjury scores, they can be helpful in certain situations.

 Injury Identification

 Sideline Assessment

 NCAA
All SAs experiencing SRC-related signs or symptoms must be immediately removed 
from participation. Following removal, they must be evaluated by the AT or team 
physician trained in diagnosis and management of SRCs. The healthcare provider 
must evaluate the SA using serial clinical evaluations including symptom count and 
severity, as well as cognitive and balance assessments. Unless a SRC can be ruled 
out, the SA is required to remain out of sport until the next calendar day.

 NATA
Under the suspicion of SRC, the SA must be immediately removed from participa-
tion and undergo a multistep evaluation, with the clinical examination consisting of 
a thorough medical history, general observations, neurologic screening, and assess-
ing mental status, motor control, and balance [12]. If the assessment is conducted 
solely by an AT, results pertaining to diagnosis should be interpreted conservatively, 
especially if a physician is not readily available on-site. Once a SRC diagnosis has 
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been confirmed, the SA must be removed from sport and is not permitted to return 
to sport unless cleared by a physician, no sooner than the next day.

 Concussion in Sport Group
SRC is noted to be an evolving injury during the acute phase with no single diag-
nostic tool, necessitating the use of an assessment battery. If a SA is suspected of 
sustaining a SRC, they must be immediately removed from participation and evalu-
ated by a licensed healthcare professional. No SA should be permitted to return to 
activity, and, therefore, must be serially monitored. The clinician should always err 
on the side of caution and manage the SA conservatively.

The sideline assessment should consist of a brief neuropsychological evaluation 
to determine level of cognitive function using attention or memory tasks. Such 
assessments include the fifth-edition Sport Concussion Assessment Tool (SCAT-5), 
which is comprised of a symptom list, Glasgow Coma Score, Maddock’s Questions, 
the Standardized Assessment of Concussion (SAC), and a motor control evaluation 
[13, 14]. This brief assessment should be used as a rapid evaluation tool on the 
sideline and should not replace a more comprehensive evaluation. Only appropri-
ately trained clinicians can make the injury diagnosis or clear a SA to return to sport 
on the same day of the suspected injury.

Finally, although the SCAT-5 can be useful during acute injury assessment, it 
does not appropriately track recovery, with utility decreasing 3–5 days postinjury 
[5]. Instead, symptom checklists have demonstrated clinical value in assessing 
recovery trajectories.

 AMSSM
Due to an ostensible lack of validated diagnostic tools, confounding comorbidities, 
and reliance on self-reported symptom surveys, the clinical diagnosis should be 
made based upon medical history in conjunction with a comprehensive physical 
examination.

SAs must be immediately removed from participation due to the following 
circumstances: seizures, loss of consciousness, tonic posturing, gross motor 
impairments, amnesia, or disorientation. When video of the impact is available, 
any signs of motor incoordination, postural instability, or vacant look on the SA 
warrant immediate removal for evaluation [15]. If removed from activity for a 
suspected SRC, the SA is not permitted to return until at least the next calendar 
day [16].

The initial assessment includes an injury history from the SA or witnesses, dur-
ing which the clinician may be able to determine impairments in cognitive process-
ing in conversation with the SA. Depending on the relationship between the SA and 
the healthcare provider, subtle changes in the SA’s personality or performance met-
rics may be observable, further suggesting a SRC.  To confirm diagnosis, there 
should be a clear mechanism of injury relating to direct or indirect forces to the head 
and/or body resulting in characteristic signs/symptoms, and neuropsychological 
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assessment if available. Following the history, a multimodal process for diagnosing 
SRC is recommended so as to increase evaluation specificity and sensitivity [17]. In 
parallel with the Concussion in Sport Group, the AMSSM recommends the SCAT-5 
[18] to appropriately evaluate a suspected SRC. Clinicians should be aware that SAs 
may not recognize common signs/symptoms associated with SRC, or be fully 
forthcoming in reporting so as to minimize time loss from athletic participation. 
Additional components of comprehensive assessment include evaluating 
neurocognitive, vestibular and/or ocular function, and gait. For example, the 
vestibulo-ocular motor screening (VOMS) assesses the SA’s vestibular ocular reflex, 
vestibular motion sensitivity, convergence, and saccadic testing [19]. The King- 
Devick (KD) test assesses saccadic eye movement by asking SAs to quickly read 
numbers aloud, and whereas simple reaction time may be assessed via weighted- 
stick drop [20].

It is also important for clinicians to consider conditions which may be of another 
etiology but may have become unmasked due to the concussive event. These 
pathologies include migraine/headache disorder, mood disorders, cervicogenic 
pain, and peripheral vestibular conditions.

 Summary
Any SA who appears stunned, dazed, or confused, reports any SRC symptoms, or if 
there is video evidence suggesting a head injury has occurred must be immediately 
removed from activity. Those displaying signs of more severe injury (Table 18.1) 
should seek additional medical care. If a SRC is suspected, they must undergo a 
comprehensive evaluation in an athletic training room or clinic setting. The 
evaluation should include a thorough clinical history and exam, supported by an 
evaluation of neurocognitive status, motor control, and symptoms. In no case should 
a SA be returned on the same day as the suspected SRC, unless cleared by an appro-
priate healthcare professional.

Table 18.1 Observable red 
flags that warrant emergency 
medical transportationa

Neck pain or tenderness
Diplopia
Weakness/tingling/burning into arms or legs
Severe or increasing headache
Seizure or convulsions
Loss of consciousness
Deteriorating mental status
Emesis
Increasingly agitated, restless, or combative

aTable has been modified based on the Sport 
Concussion Assessment Tool (SCAT-5) [18]
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 Injury Management

 NCAA

Passive management of SRC may in fact be detrimental for the SA’s recovery. 
Recent studies suggest prolonged rest may lead to adverse effects including low 
self-esteem, physical deconditioning, and social isolation from teammates [3, 21, 
22]. It is the responsibility of the healthcare provider to be aware of the signs and 
symptoms associated with an emotional response associated with SRC [3, 21]. 
Other conditions that may stem from SRC include postconcussion syndrome, sleep 
dysfunction, headache disorders, or migraines [22].

Currently, there are no empirical data to indubitably outline optimal rehabilita-
tion of concussed SAs. Some clinicians have instead based treatment protocols on 
clinical profiles such as vestibular symptoms, general fatigue, mood disorders, 
oculomotor impairments, cognitive dysfunction, or cervicogenic disorder [23]. In 
patients reporting primarily vestibular symptoms, common rehabilitation includes 
proprioceptive exercises, assessing the vestibular ocular reflex, and dynamic gait or 
postural control activities [24]. Patients who report oculomotor-related symptoms 
are often treated using vision therapies to target convergence and accommodative 
insufficiencies, ocular misalignments, and impaired eye tracking movements. 
Clinicians should use these guidelines as a framework and adapt as needed 
depending on the patient population.

 NATA

Management of concussed SAs should be based on the individual’s unique needs. 
Common treatment goals include cessation of symptomology, reestablishment of 
neurocognitive performance, and restoration of motor control function. In order to 
avoid an increase in symptoms, current recommendations include limited cognitive 
and physical activity during the acute recovery period (24–48 hours). It is critical 
that the SA is not completely withheld from all activities, as isolation from social 
endeavors may increase SRC symptoms unrelated to the head injury [25].

After symptom cessation, objective assessments should be repeated and com-
pared to baseline values. Caution is warranted in solely using self-reported symp-
tom surveys to determine whether a SA is ready to begin the next stage of return to 
activity, thus clinicians should opt to use measures of neurocognitive function and 
motor control in conjunction with symptom severity measures. The decision to 
begin the return-to-play protocol is appropriate when the SA no longer reports 
symptoms and performs at baseline scores for neurocognitive and motor con-
trol tasks.

During the symptom resolution period, the AT must maintain communication 
with the team physician regarding the SA’s progression, especially if the recovery 
trajectory is beyond a 14- to 21-day time frame. Although not ideal, some research 
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suggests if baseline measures are not readily available, physicians and ATs may opt 
to use normative data as a comparison [10]; however, more conservative management 
strategies are warranted using this method.

 Concussion in Sport Group

Current consensus statements recommend that SAs rest until they become asymp-
tomatic. Although rest may minimize brain energy demands after SRC, there is 
currently insufficient evidence to support the claim that complete rest is beneficial 
in recovery. As such, SAs are encouraged to engage in light cognitive and physical 
activity while remaining below their symptom-exacerbation thresholds following 
the initial acute phase (24–48 hours). They should not engage in vigorous physical 
activity until cleared by a medical professional to begin the stepwise return-to-sport 
protocol.

At the time of the consensus meeting, the literature had not readily investigated 
early interventions, as most individuals recover within 10–14  days. SRCs often 
present as clusters of symptoms, some concurrent with disruption to the vestibular 
system or injury to the cervical spine. For those with ongoing symptoms, 
interventions include targeting psychological, vestibular, and cervical symptoms. In 
addition, researchers have suggested that active rehabilitation in a controlled 
environment using subsymptom thresholds during submaximal exercise may further 
facilitate recovery.

 AMSSM

During the acute recovery phase, SAs are oftentimes prescribed mental and physical 
rest despite insufficient evidence supporting its efficacy [26]. Clinicians should use 
caution when prescribing rest, as isolation and prolonged rest may lead to increased 
recovery timelines [27]. Previous recommendations such as “staying in a dark 
room” and “cocoon therapy” are no longer recommended due to the detrimental 
effects demonstrated in animal models [4]. Standard guidelines support rest for the 
first 24–48 hours postinjury, with gradual increase in activity without exacerbating 
symptoms.

After the acute phase, preliminary evidence suggests subsymptom threshold 
activity may improve recovery and is safe for acutely concussed individuals as long 
as they are under the direct supervision of a healthcare provider [28]. From a 
physiological standpoint, exercise has been proven to increase autonomic function 
and, thus, promote cerebral blood flow regulation [29]. Other benefits of exercise 
include neurotrophic factor gene upregulation and general improvements in sleep 
and mood [30]. Although there are benefits to implementing exercise during the 
initial stages of recovery, exercise alone does not replace the graduated return-to- 
sport protocol.
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Recovery trajectories among SAs are often influenced on the number and sever-
ity of acute symptoms [31], such as subacute headache and depression. As based on 
current research, those with attention deficit/hyperactivity or other learning disabili-
ties are not at heightened risk for prolonged recovery [31]. Some studies suggest a 
difference in recovery timelines based on sex, with women reporting longer periods 
of symptoms [31]. A final predictor of increased symptom burden has been recently 
suggested in adolescent SAs who present with a lower symptom- limited heart rate 
threshold during graduated exercise testing (treadmill and biking) within 1 week 
of injury.

Although various SAs may experience symptom relief with early interventions, 
others may suffer from persistent symptoms beyond typical recovery trajectories. 
Clinicians should be aware that prolonged symptoms may not be attributed directly 
from the SRC, and instead may be a comorbid condition affected by their overall 
recovery. Recent studies have developed individualized treatment programs for 
postconcussive symptoms (PPCS), which include oculomotor, sleep, psychological, 
vestibular, autonomic nervous system, and cervicogenic targeted [32]. To target SAs 
with PPCS, activities of daily living and aerobic exercise that do not increase 
symptom severity may be helpful. For example, the Buffalo Concussion Exercise 
Treatment Protocol is a subsymptom threshold program which has been shown to 
reduce persistent symptom burden in concussed SAs compared to controls [33].

Furthermore, those with prolonged headache-related symptoms should be evalu-
ated for cervicogenic disorders or cervical dysfunction [32]. Therapists with exper-
tise in vestibular therapy may opt to use “exposure-recovery” therapy in those 
suffering from prolonged balance impairments [24]. Clinicians must also consider 
cognitive rehabilitation completed at the symptom subthreshold level, and 
discussions surrounding the SA’s sleep hygiene [34] should be discussed during the 
first few rehabilitation sessions. If the SA reports symptoms related to comorbid 
mood disorders, a clinician may choose a multidisciplinary approach using cognitive 
behavioral therapy to best approach the case [35]. In sum, treating SRCs is a 
continually evolving process depending on the individual needs of the SA.

 Summary

Managing SRCs ultimately depends on the patient’s clinical profile. Each document 
emphasizes “active” rehabilitation by limiting physical and cognitive rest during the 
early phase of the recovery process, with subsymptom-exacerbation levels thereafter 
until the formal return-to-play protocol begins. Previous protocols implementing 
“cocoon therapy” are no longer standard clinical care, and in fact may delay the 
recovery by endorsing social isolation. In cases where symptom recovery does not 
follow a typical time course, rehabilitation strategies should focus on specific needs 
including, but not limited to, cervicogenic or headache disorder, vestibular 
symptoms, and/or sleep disorders.
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 Return to Learn

 NCAA

Despite growing literature regarding SRC management plans, return-to-learn (RTL) 
guidelines are explicitly based on expert consensus and, thus, must be implemented 
for the SAs’ specific needs. As such, the RTL protocol should incorporate a 
multidisciplinary team including team physicians, ATs, coaches, academic 
representatives, and administrators, as well as the institutions’ disability services to 
best assist each SA as they return to the classroom. According to current research, 
SAs are more likely to successfully return to the classroom when they are immersed 
in an environment with a proactive SRC management team with a well-integrated 
protocol.

It is recommended that SAs do not return to the classroom on the same day of 
injury. Current recommendations suggest that the SA should remain in their home 
or residence hall until they can tolerate light cognitive activity, with an incremental 
return to the classroom. Consistent with normal symptom recovery, SAs may fully 
RTL within 2 weeks following injury without requiring substantial curriculum, test-
ing modifications, or necessity of creating an Individualized Education Plan (IEP) 
or 504 Plan.

If symptoms persist beyond 2 weeks, it is the responsibility of the multidisci-
plinary team to enforce specified academic accommodations such as extended time 
for assignments or examinations, as well as adjusting their class schedule if neces-
sary. Several institutions offer temporary accommodations for those who have 
short-term impairments (less than 6 months) and are typically accessible through 
the department of services for students with disabilities.

If symptomology is prolonged for longer than 6 months, clinicians should con-
sider further neuropsychological testing to determine the magnitude of cognitive 
impairment, as well as identify any underlying psychological disorders which may 
be influencing the recovery trajectory. Long-term accommodations, such as an IEP, 
may be pursued with the assistance of a disability officer.

Successful RTL implementation incorporates several components. Importantly, a 
case manager, as defined by the multidisciplinary team, is critical in navigating the 
logistics of academic and athletic profiles of the SA. The medical staff should also 
consider comorbid psychological conditions that may impact recovery trends such 
as depression, anxiety, and attention deficit disorder. Finally, SAs should be 
introduced to campus resources as soon as possible to ensure they are provided 
appropriate accommodations, such as learning specialists, academic counselors, 
and services for students with disabilities. Within the office of student disabilities, 
administrators are responsible for verifying each SA’s impairment and ensuring 
they are adequately supported as they return to the classroom.
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 NATA

The current NATA position statement does not provide guidance for RTL following 
SRC. It is recommended that future versions of this statement include appropriate 
RTL management strategies for the AT and multidisciplinary team.

 Concussion in Sport Group

Schools are encouraged to develop a SRC policy for administrators, teachers, 
SAs, and parents that includes the potential need for academic accommodations. 
Depending on the needs of the SA, temporary absence from school and assistance 
with incremental RTL may be necessary. Prior to clearance for return to sport, 
SAs must completely return to classroom activities without exacerbation of 
symptoms.

Graduated RTL strategies (Table 18.2) begin by reintroducing daily activities at 
home without increasing symptoms. Typical activities include reading a book, 
texting, and computer usage, starting with 5-minute increments and building up the 
time as tolerated. Next, SAs should be reintroduced to classwork beyond the 
classroom, such as homework, reading, or other types of cognitive activity in order 
to increase their cognitive load tolerance. SAs may be able to complete a partial, 
half, or full day of school with increased breaks throughout the day. The last step in 
the progression includes gradually returning to a full day of school and catching up 
on missed work.

 AMSSM

Immediately following a SRC, school personnel should be notified to begin moni-
toring and implementing an individualized RTL protocol [36]. A school health pro-
fessional, administrator, school nurse, AT, or counselor must be defined as the SA’s 

Table 18.2 Return-to-school progressiona

Stage Aim Activity Goal
1 Daily activities at home 

that do not increase 
child’s symptoms

Reading, texting, and typing (start 
with 5- to 15-minute increments and 
gradually increase time)

Gradual return to 
activities of daily 
living

2 Classroom activities Homework and other cognitive 
activities

Increase tolerance in 
cognitive load

3 Part-time return to 
school

Reintroduction to schoolwork and 
intermittent breaks through the day

Adjust to academic 
activities

4 Full return to school Progress to full school days Full return to 
academics; make up 
any missed work

aTable has been modified based on the Concussion in Sport Group position statement [4]
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point person in order to monitor their recovery, academics, and facilitate effective 
communication with the medical staff. If a SA requires additional accommodations, 
teachers are encouraged to develop a plan for missed coursework or exams. 
Guidance counselors may be needed in order to adjust class schedules to modify 
attendance, and schools must be prepared to manage both acute and chronic recov-
ery patterns of concussed SAs (Table  18.3). The SAs must completely return to 
classroom activities without increase in symptomology prior to clearance for return 
to sport.

 Summary

An efficacious RTL protocol consists of a multidisciplinary team including aca-
demic staff, physicians, school counselors, coaches, and sports medicine staff. It is 
imperative that institutions have RTL protocols in place for SAs who sustain a SRC 
to ensure they receive the appropriate academic accommodations that facilitate their 
academic goals. Current guidelines suggest starting the RTL progression with activ-
ities of daily living, slowly building back up into classroom activities such as home-
work and reading assignments (Table  18.3) Once the SA is comfortable with 
school-related activities, they may be able to tolerate attending class part-time. 
Depending on the length of recovery, it may be beneficial to adjust the SA’s schedule, 
alter the curriculum, encourage permanent testing modifications, or create an 
IEP. Communication among the multidisciplinary staff is critical to the success of 
returning a SA back to the classroom setting.

Table 18.3 Recommendations for academic accommodationsa

Classroom adjustments School environment adjustments
Periodic breaks throughout the school day Permit use of headphones to reduce noise 

sensitivity
Reduce coursework and homework Limit use of electronic screens including 

computers, tablets, etc.
Arrange for additional time to complete 
assignments/projects

Allow the student to leave prior to the end 
of class to avoid congested hallways

Provide a peer note taker or the teacher’s notes Permit use of sunglasses to reduce light 
sensitivity

Extra time during quizzes/examinations Avoid areas of high volume: cafeteria, pep 
assemblies, lunch room, etc.

Avoid physical activity
Allow testing in a separate, distraction-free space
Delay tests or major project deadlines until the 
students’ symptoms no longer affect their work

aTable has been modified based on the AMSSM position statement [5]
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 Return to Sport Participation

 NCAA

No SA removed from sport participation under the suspicion of SRC can be returned 
within the same calendar day without clearance from a qualified clinician. Once a 
SRC is diagnosed and symptoms, cognitive, and balance measurements return to 
preinjury levels, the return to sport participation (RTP) protocol may be initiated 
under the supervision of a physician or physician designee [37]. The RTP protocol 
steadily increases exercise intensity, progressing from light aerobic exercise to 
sport-specific activity, noncontact sports drills, and unrestricted training and sport 
participation (Table  18.4). Daily progression is based on the SAs’ self-reported 
symptoms before and after activity, with regression to the previous step should 
symptoms return. Depending on the patient’s clinical profile, the RTP protocol may 
be affected by other comorbidities, with modifications as needed. Prior to full return 
to sport activity, medical clearance is warranted by the team physician.

 NATA

The NATA recommendations for return to sport are similar to the NCAA. Concussed 
SAs should not begin the RTP progression until SRC symptoms are no longer 
reported and performance is at or above preinjury baseline measures. The RTP 
stages are identical to the NCAA, separated by approximately 24 hours [1]. If a SA 
experiences an increase in symptoms or demonstrates cognitive decline, activity 
should stop immediately and the SA should return to the previous stage 24 hours 
later [38]. A typical time frame to be withheld from competition to complete the 
RTP protocol is approximately 7 days; however, this depends on the individual 

Table 18.4 Return-to-sport progressiona

Stageb Description Activity
1 Symptom-limited 

activities of daily living
No physical activity; reintroduction of activities of daily 
living (walking, etc.)

2 Light aerobic activity <70% age-predicted maximal heart rate (stationary biking 
and controlled activities to stress cardiac output)

3 Sport-specific activity Running, skating, and sport-specific activities without the 
risk of head impacts

4 Noncontact drills Training activities with others, progression of resistance 
training, increased coordination, and thinking

5 Unrestricted practice Return to normal training activities
6 Full return to sportc Medical clearance from physician/physician designee

aTable based on Concussion in Sport Group guidelines [4] supported by the NATA [3] and AMSSM 
[5] position statements
bStages should be separated by a minimum of 1 calendar day [1]
cWritten clearance from a healthcare provider may be necessary prior to full return to sport 
depending on the state laws and regulations [4]

A. K. Memmini et al.



371

patient. If the patient presents with comorbidities that may affect the recovery tra-
jectory, the AT may lengthen the progression sequence or prolong certain stages. 
Likewise, SAs experiencing deconditioning due to prolonged removal from activity 
may require additional aerobic conditioning prior to their full return to sport. Only 
the physician may shorten the sequence if it is appropriate for the SA.

 Concussion in Sport Group

Starting in 2001, the Concussion in Sport Group established, and has continued to 
support, the use of a graded RTP protocol [39]. Following injury (> 48 hours), SAs 
are recommended to engage in physical and cognitive rest with symptom-based 
physical activity progressions via the RTP protocol. Each stage of the protocol is 
separated by 24 hours, advancing from activities of daily living through unrestricted 
return to play over approximately 1 week (Table 18.4). SAs reporting symptoms at 
any stage of the protocol must wait 24 hours to resume activity and regress to the 
previous stage. Additional interpersonal factors may also influence recovery, making 
it possible for RTP to extend beyond a typical 1-week time frame.

 AMSSM

The RTP progression follows international recommendations with a stepwise 
increase in physical activity toward sport-specific exercises without exacerbation of 
symptoms. Prior to the initiation of the RTP protocol, SAs must report as 
asymptomatic.

The progression is subject to individualization as based upon the SA’s age, previ-
ous SRCs, and whether the healthcare professional can provide complete supervi-
sion during the RTP progression. In addition to physical conditioning at the time of 
RTP, the SA should also demonstrate psychological readiness prior to unrestricted 
athletic activity.

 Summary

The RTP protocol endorsed by Concussion in Sport Group is consistently endorsed 
by the organizations evaluated here. The stepwise progression gradually increases 
the physical demands necessary to be competitive in sports. The gradual progression 
begins with activities of daily living and progresses through various aerobic 
activities, noncontact drills, and unrestricted practice before clearance for full return 
to athletic activity, with 24  hours in-between each phase. If the SA reports any 
increases in symptoms, they must immediately stop activity and begin at the 
previous stage 24 hours later. Depending on the individual, a clinician may choose 
a more conservative approach to the RTP program in order to build their aerobic 
endurance and confidence during sport-specific activity.
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 Documentation and Legal Aspects

Today’s reality is that following a catastrophic head injury in the sports’ context, the 
first question becomes who—other than the injured SA—is responsible for that 
catastrophic outcome. That question quickly becomes who must ultimately pay the 
injured SA, or the surviving parents in a death case, to compensate the victim or 
victim’s family for that injury.

Complicating matters is the undefined moving target that is the standard of care 
concerning the management of SRC. The fact that the “experts” have competing 
views on the appropriate standard muddies the waters further. On the issue of 
preseason baseline testing, for example, experts remain divided on whether such 
testing is required to meet the standard of care, with some arguing that the use of 
such testing may actually result in exposing the SA to greater risk of injury. With 
this backdrop of confusion, and thus no well-defined standard to hold defendants to, 
plaintiffs’ lawyers have been feasting in this new area of law.

Depending on the facts, defending the conduct at issue can be especially chal-
lenging. In some actions, the jury will have to grapple with a complicated medical 
or scientific theory regarding the cause of the player’s injury; in others, the player 
may be so severely injured that juror sympathy might outweigh a more objective 
assessment of the facts. In such cases, jurors who are on the proverbial fence regard-
ing whether a defendant met the applicable standard of care may simply return a 
verdict for the plaintiff so as to avoid having to confront other, likely harder, issues.

Because certain matters are so unpredictable, potential defendants must control 
what they can control. This begins first and foremost with following to the letter any 
and all applicable SRC policies, procedures, and protocols.

On a more practical issue, a common allegation against healthcare providers, in 
particular, in SRC cases is “failure to properly document” since, for years now, the 
recommended approach has been that “all pertinent information” surrounding head 
injuries be documented. Indeed, the expression “if it’s not written, it didn’t happen” 
is a common one that can be dangerous to a defendant in a lawsuit.

The question, thus, sometimes becomes whether certain information is “perti-
nent.” For example, during a player’s return-to-play period following a head injury, 
the injured player generally performs graduated exertional exercises in an AT’s 
presence. But how much detail in the AT’s documentation is required to meet the 
standard of care?

Many would argue—certainly, plaintiffs’ lawyers would—that it is insufficient 
for an AT to record simply that the injured player “performed exertional maneuvers.” 
Questions at the trial of an AT might be raised as to the specifics of the exertional 
testing—for example, the dates on which the testing was performed, the witnesses 
to the testing, and the actual maneuvers performed. Even though the AT may have a 
recollection of the testing performed and the accompanying details, and be willing 
to testify to the specifics, the absence of such detail in an actual injury record may 
call into question whether the AT is recalling the specifics accurately. Indeed, trials 
generally occur years after the alleged conduct.
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Because plaintiffs’ lawyers will make all efforts to discredit the defendant’s tes-
timony, the more detailed the documentation, the more likely a jury will find the 
defendant to be a credible witness. Thus, ideally, the documentation of all pertinent 
information surrounding a head injury also should include any details, including the 
specific testing and maneuvers performed (jumping jacks, knee bends, etc.), dates, 
times, and specific locations of testing, and the questions asked of the SA during 
testing and the SA’s responses. Simply put, the more detailed the documentation, 
the better able a defendant may be to defend a lawsuit for an alleged breach of the 
standard of care.

As SRC lawsuits become even more common, it is crucial for potential defen-
dants to protect themselves as discussed above for the good of their institutions and 
the safety and health of the SAs. Along these lines, strict adherence to all applicable 
SRC policies, procedures, and protocols, as well as accurate, complete, and legible 
documentation is imperative.

 Conclusion

Management of SRCs in collegiate athletics continues to pose as a complex practice 
for healthcare providers. Clinicians are encouraged, if not required, to educate their 
SAs and coaches and other personnel about common signs/symptoms, as well as the 
consequences of continuing to participate in sport with a SRC. In some instances, 
clinicians may need to conduct a baseline evaluation for use in the postinjury 
assessment, diagnosis, and management process. Tools such as the SCAT-5 offer a 
standardized approach to injury care and often fulfill professional requirements. 
Regardless of what tools are used, the clinical examination remains the gold standard 
for SRC diagnosis. Since symptoms may evolve over time, SAs should not return on 
the same day as a suspected SRC unless the injury can be ruled out by an appropriate 
healthcare professional. When appropriate, the graded RTP protocol is now the 
standard of care for returning a concussed SA back to play, with a complete return 
to the classroom occurring before unrestricted return to sport participation.
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The Role of the Quantitative EEG (QEEG) 
in the Assessment and Treatment 
of the Brain Injured Individual
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 QEEG Background

The QEEG (Fig. 19.1) collects digital EEG information from 19 locations based 
upon the historical standard 10–20 system, which examines the brain from a 
mathematically determined spatial viewpoint to ensure a thorough coverage of 
the brain.
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Fig. 19.1 A representation of the 10–20 system. (a) represents the lateral view. (b) represents the 
axial view
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 Quantitative EEG (QEEG) Measures

Activation/Arousal Measures: While there are other measures employed in the 
QEEG (e.g., peak frequency and peak amplitudes), this chapter reports on only 
those variables which are critically involved in the brain injured subjects and other 
presented clinical situations.

RP: Relative magnitude/microvolt or relative power: the relative magnitude of a 
band defined as the absolute microvolt of the particular band divided by the total 
microvolt generated at a particular location across all bands.

C: Coherence or spectral correlation coefficients (SCC): the average similarity 
between the waveforms of a particular band in two locations over the epoch (1 sec-
ond). The SCC variable is conceptualized as the strength or number of connections 
between two locations and is a correlation of the magnitudes across a period of time 
(epoch).

P: Phase: the time lag between two locations of a particular band as defined by 
how soon after the beginning of an epoch a particular waveform at location #1 is 
matched in location #2.

The frequencies employed in EEG analysis are delta (0.5–4 Hz), theta (4–8 Hz), 
alpha (8–13 Hz), beta1 (13–32 Hz), and beta2 (32–64 Hz).

 Head Injury Discriminant Approaches

Multiple publications have addressed the issue of discriminating traumatic brain 
injury (TBI) subjects from normal individuals using statistical approaches [1–12].

There are two reports which have provided impressive and useful discriminant 
results. Thatcher et al. [1] was able to obtain a discriminant accuracy rate of 90% 
with mild-to-moderate TBI using eyes-closed QEEG data. Of note was the increased 
frontal theta coherence, decreased frontal beta phase, increased beta coherence, and 
reduced posterior alpha relative power. Three independent cross validations within 
the original research resulted in accuracy rates of 84%, 93%, and 90%. Additional 
testing using the Thatcher discriminant function [1] in a military setting was cor-
rectly able to identify 88% of the soldiers with a blast injury history and 75% with 
no blast injury history [5].

Work by Barr and colleagues [6] examined EEG recordings immediately post-
concussion, at 8 days after, and at 45 days after injury. Using a brain injury algo-
rithm, abnormal features of EEG were detected at the time of injury (and that 
persisted over time) and contributed most to the discriminant analysis. Some of 
these features include slow wave increase in relative power, alpha1 and alpha2 
decrease in relative power, power asymmetries in theta, and abnormalities in mea-
sures of connectivity. The resulting discriminant analysis produced a cutoff score of 
65 at which there was a 95% probability of TBI.

Leon-Carrion et al. [13] also did work on the discriminant ability of QEEG in 
brain injury. They reported the discriminant ability of QEEG to accurately classify 
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brain injury (in the chronic phase; mean 22 months postinjury) in 100% (N = 48) 
and obtained a 75% correct classification in an “external-cross-validation sample” 
of 33. Coherence measures were the most frequent variables in the function, employ-
ing the frequency range 1–30 Hz, similar to the Thatcher research.

Research by Thornton [7–9] has focused on the EEG gamma frequency band. 
Specifically, they focused on the altered spectral correlation coefficients ((SCC; 
based upon the Lexicor algorithms) and phase values in the beta2 (gamma; 32–64 
Hertz) range) when comparing the TBI group to controls during eyes-closed and 
different cognitive activation tasks. Results from all three of these studies did not 
indicate any deficits in the relative power of delta, theta, or alpha. The TBI group did 
show lower beta2 coherence (SCC) values when compared to controls.

Moreover, Thornton and Carmody [11] and Thornton [10] investigated the use of 
frontal activity as well as coherence (SCC) and phase relations within the frontal 
lobe to distinguish between TBI and normal controls (NC) participants. Using fron-
tal coherence and phase relationships, they obtained a 97.5–100% accuracy rate in 
the discrimination analysis when reanalyzing the data, employing a different 
approach using five tasks, adding all coherence and phase 32–64 Hz relationships, 
and adding frontal relative power of 32–64 Hz [10]. This approach resulted in a 
100% correct discrimination but decreased to 99% accuracy following the analysis 
of three cases post publication. Figure 19.2 presents a comparison of the studies 
which engaged in a discriminant analysis.

Impact

100
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Fig. 19.2 A summary of the discrimination studies. Impact = Impact Software; ED: Emergency 
Dept. The second column represents the cross-validation results for the specific author: Thatcher, 
et al. [1]; Leon-Carrion et al. [13]; Trudeau et al. [5]; Barr et al. [6]; and Thornton [10]
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 Methods

The data presented below are based on 88 TBI participants and 109 normal control 
participants with a mean age of 37 years and 51.7% being female. The time between 
the date of the head injury and evaluation ranged from 12 days to 30 years. There 
was also a children group of participants with 49 normal control children (mean age 
10.6 years) and 45 children (mean age 10.6 years) who could be classified as having 
a learning disability (LD). The child sample had 63 males and 31 females. The sub-
jects’ identity was protected, and the data were collected in accordance with the 
Declaration of Helsinki.

Participants underwent a cognitive QEEG evaluation which consisted of an eyes- 
closed condition (300 seconds), auditory attention task (200 seconds), visual atten-
tion task (200 seconds), four auditory memory tasks (200 seconds), one reading task 
(100 seconds), in addition to a problem-solving (Raven’s matrices) task. The audi-
tory attention task consisted of the participant listening to the sound of a pen tapping 
on a table while their eyes were closed and raising their right index finger when they 
heard the sound. The visual attention task required the participant to look at a page 
of upside-down Spanish text. The participant was asked to raise their right index 
finger when a laser light was flashed on the text. The auditory memory tasks required 
the participant to listen to four individually administered stories with their eyes 
closed, quietly recall the story, and then repeat the story back to the examiner. The 
reading task required the subject to read a story presented on a laminated sheet for 
100 seconds, quietly recall the story while their eyes are closed, and then recall the 
story to the examiner. During all of these tasks, QEEG data were collected. The data 
for the eyes-closed condition and four cognitive activation tasks (auditory and visual 
attention, listening, and reading) were employed for the discriminant analysis.

 Results

 Discriminant Analysis

Figure 19.3 presents the results which indicated the normative reference group 
(p < 0.05) for the SCC and the phase values. The blackened circle is the origin of a 
metaphorical flashlight which is sending out a beam to three other locations. The 

Fig. 19.3 Discriminant variables used
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flashlight locations were chosen according to the number of significant relations 
emanating from that location. In deciding if whether the source of a connection 
between two locations (A and B) is A or B, the location with the higher number of 
other significant relations was determined to be the source. Figure 19.3 presents 
summary figures of all the significant relations (coherence and phase) as well as the 
frontal RPB2 locations. The effect is broad and diffusely located and is not primar-
ily focused on the frontal locations, contrary to some opinions. The average stan-
dard deviation (SD) difference between the normal control and TBI group for the 
SCC variable was 0.47 and 0.44 for the phase variables (p < 0.05). The frontal rela-
tive power values of beta2 indicated a similar average SD value difference of 0.47 
between the TBI and normal group.

 Classification Matrices

To determine if the discriminant algorithm could accurately indicate a misclassifica-
tion, 5 TBI subjects and 5 normal subjects were misclassified for all the tasks. The 
discriminant analysis was then recalculated to determine if the inaccurate classifica-
tion was identified. Ten different subjects were selected for each task for a total of 
50 misclassifications. The discriminant reanalysis was 100% correct in the identifi-
cation of all the misclassifications.

Table 19.1 presents the resultant discriminant analysis for the five tasks. As can 
be seen from this table, the discriminant analysis was 100% effective in 

Table 19.1 Classification matrices

Eyes closed TBI Normal
Correct P = 0.56 P = 0.44

TBI 100 102 0
Normal 100 0 81
Total 100 102 81
Auditory attention TBI Normal

Correct P = 0.51 P = 0.49
TBI 100 90 0
Normal 100 0 86
Total 100 90 86
Visual attention TBI Normal

Correct P = 0.52 P = 0.48
TBI 100 87 0
Normal 100 0 81
Total 100 87 81
Auditory memory TBI Normal

Correct P = 0.45 P = 0.55
TBI 100 88 0
Normal 100 0 109
Total 100 88 109
Reading memory TBI Normal

Correct P = 0.46 P = 0.54
TBI 100 75 0
Normal 100 0 87
Total 100 75 87
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distinguishing between the TBI and normal participants. The variables employed 
were the SCC and phase values in the 32–64 Hz range and the RPB2 values for the 
six frontal locations indicated in Fig. 19.3.

 Cognitive and EEG Characteristics of the TBI Population

The critical variables were coherence and phase beta2 and frontal relative power of 
beta2. There was a nonsignificant correlation between time since accident and the 
frontal relative power of beta2. There were also nonsignificant correlations between 
time since accident and left hemisphere coherence beta2 (0.07), left hemisphere 
phase beta2 (0.15), right hemisphere coherence beta2 (−0.16), and right hemisphere 
phase beta2 (−0.19). These results indicate the critical discriminating variables do 
not seem to be improving over time. There also was a pattern of decreasing coher-
ence beta1 (13–32 Hz) over time since accident (Fig. 19.4).

The TBI group’s auditory memory score (mean = 37, SD = 18.4)) across the four 
stories was significantly lower (t = −9.53) than the normative reference group score 
(mean = 70.5, SD = 28.3; p = 0.000000). There was a nonsignificant correlation 
between time since injury and auditory memory scores (0.17). The TBI group’s 
reading memory score (mean = 23.3, SD = 18.8) was significantly lower (t = −4.83) 
than the normative group score (mean = 40, SD = 25.6; p = 0.000003). Thus sug-
gesting a TBI subject’s memory does not improve with time.

 Gender and Sex Effects: Females More Affected by TBI

Differential sensitivity of the female brain to TBI has been the subject of a number 
of recent reports, generally supportive of the notion that the female brain has more 
negative effects post injury [14]. To determine if there is a correlate with this greater 
sensitivity using QEEG data, the coherence and phase beta2 values were examined 
between male and female subjects (Fig. 19.5). There were no significant differences 
in the auditory memory performances of the two groups (male mean = 43, female 
mean = 55). Figure 19.5 shows that the male TBI brain had higher values on the 
critical phase and coherence variables, thus indicating that the female brain had 
lower values and was more negatively affected by TBI. When the relative power of 
frontal beta2 was examined, there were no sex differences in TBI groups.

RH CB1

RH = Right hemi sphere; CB1 = Coherence beta1; FPU = Frontal processing unit; CD = Coherence delta

F4 CB1 O2 CB1 PZ CB1 FPU CD

Fig. 19.4 Variables which decrease with greater time since injury
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When the normal control sample was examined for the phase and coherence dif-
ferences, there were no significant differences between male and female brain func-
tions. Examining frontal relative power values, the females were significantly higher 
at all locations (p < 0.05) except Fp2. Thus, the normal control sample females were 
not inherently lower than males on these critical coherence and phase variables. The 
higher frontal relative power beta2 in the normal female group is not evident in the 
female TBI group, a finding not easily explained.

 The Issue of Determining if Problems Are a Preexisting 
Learning Disability

A potential diagnostic problem would be the presence of a preexisting learning 
problem, which could show a similar EEG pattern to a TBI. A preliminary investi-
gation of this problem was undertaken by the author with the clinical data available. 
Two problems were initially evident:

 1. Lack of a sufficient number of adults with learning disability (LD) to compare to 
the adult TBI group.

 2. The presence of a strong developmental pattern showing increases in almost all 
coherence and phase relations. This developmental pattern would negate the use 
of comparing the values of children to normal adults or TBI adults, as the child’s 
numbers would be lower strictly due to development patterns.

PB2 CB2 PB2

PB2 PB2

PB2

CB2 PB2

Fig. 19.5 Differences between male and female brains on coherence and phase beta2 (32–64 Hz) 
values. Note that males are higher than females
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Thus, the only viable method to assess this diagnostic question would be to com-
pare children with LD to a normal child control group and determine if the LD child 
patterns deviant from the normative reference group, which theoretically would be 
similar to the adult TBI patterns from a corresponding adult normative reference 
group. This is based on the reasonable assumption that a child’s TBI pattern would 
be the same as an adult’s TBI pattern. If the LD problem is manifested in lower 
coherence and phase beta2 values, then there would be a diagnostic problem of dif-
ferentiating a TBI from a LD.

Figure 19.6 presents the results of this analysis for a group of 49 normal children 
and 45 children who pursued EEG biofeedback treatment for cognitive / learning 
problems. They had not undergone a psychoeducational evaluation by the author 
due to the desire to avoid additional fees to the client. However, they pursued treat-
ment based upon the parents understanding that their child was not performing 
adequately in the school setting.

Discriminant analysis revealed 25 significant differences involving phase rela-
tions and 10 involving coherence relationships. There were 8 variables involving 
delta, 9 involving theta, 14 involving alpha, 2 involving beta1, and 1 involving 
beta2. There were 9 phase theta variables and 10 phase alpha variables which were 
more than the other variables (PD = 3, CD = 5, CT = 0, CA = 5, PB1 = 1, PB2 = 1). 
Thus, it appears that the learning disability problem electrophysiology resides in the 
phase theta and phase alpha relations. It also appears that the LD child does not 
demonstrate a deficit in coherence and phase beta2. The conclusion can be reached 
that the discriminant is not picking up a previous LD pattern, a clinically useful 
finding.

PT,PA

CD, CA, PD, PT, PA, PB1 PD, PT, PA, CD CD, CA, PD, PT, PA CD, PT, PA CD,CA,PT,PA,PB1,PB2

CA, PT, PA

Normals vs learning disabled N = 114 P<0.01 normals>learning disabled

CD = Coherence delta CA = Coherence alpha PD = Phase delta PT = Phase theta PA = Phase alpha PB1 = Phase beta1 PB2 = Phase beta2

PA CA,PT, PA PT, PA

Fig. 19.6 Results for normal control children and cognitive/learning disability children. Figures 
represent the electrophysiological differences between normal and the learning disabled child

K. E. Thornton



385

 Discussion

 Theoretical Considerations

The interventions were based upon the coordinated allocation of resource model of 
brain functioning. The model states that specific cognitive skills relay upon use of 
specific QEEG variables to function maximally (albeit overlapping in certain situa-
tions). The model employs the flashlight metaphor (a specific location sends out a 
“beam” to all other locations within a specific frequency) across different cognitive 
tasks. It also employs a processing unit concept that areas of the brain (frontal, pos-
terior, etc.) have a specific role in cognitive functioning. The interventions were 
based upon a deficit model as lower values of critical variables are (compared to 
normative values) critical variables to address in the rehabilitation intervention.

 Rehabilitation of the Brain Injured Subjects

In addition to the diagnostic issues, the QEEG has shown to be useful in the reha-
bilitation of cognitive functioning after TBI. The author reviewed his clinical files 
from the last 5 years and examined the QEEG data addressing relative power and 
coherence changes and memory (auditory and reading) improvements in the TBI 
patients who he had (Table 19.2). For the TBI group, the focus of the interventions 

Table 19.2 Participant’s characteristics

Group N Male Female
Avg. 
age Hand

Raven’s 
avg *T *A *B1 *B2

Avg. # 
ss

Normal 12 6 6 28.8 R = 11, 
L = 1

15.4 0 0 1 0 49

TBI 15 9 6 31.1 R = 15 10.6 1 2 2 2 48.3
Adult 
SLD

17 11 6 23.4 R = 15, 
L = 2

23.2 0 4 0 0 38.4

Child 
SLD

15 12 3 10.4 R = 14, 
L = 1

11.29 0 3 1 0 45.4

Total 59 38 21 23.4 R = 55, 
L = 4

15.1 1 9 4 2 45.3

Note. An asterisk indicates participants whose relative power values averaged across nine cogni-
tive tasks were greater than 1 SD above the normative values and indicated frequency. Some par-
ticipants were above the cutoff on two frequencies. Avg. age average age calculated within and 
across groups, Hand handedness, R right handed, L left handed, Avg. average Raven’s score (par-
ticipant is administered up to 11 difficult Raven’s matrices problems and allowed 400–500 s to 
provide answers. Scoring employed the following method: 4 points if correct on first guess, 3 
points if correct on second guess, 2 points if correct on third guess, and 1 point if correct on fourth 
guess. The measure is generally considered a measure of nonverbal intelligence); D delta, T theta, 
A alpha, B1 beta1, B2 beta2, Avg. # ss estimate of average no. of sessions; and # is an underestimate 
of actual number as sessions that addressed specific issues (other than CA, CB1, CB2, and poste-
rior relative power values) were not included in the analysis, TBI traumatic brain injury, SLD spe-
cific learning disability
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was on the phase and coherence problems. Table 19.3 presents the cognitive changes 
for the TBI patients as a result of the intervention. A weighted average of the audi-
tory memory improvements across these three studies indicated an average SD 
improvement of 2.31. Table 19.4 presents the changes on the reading memory scores 
and comparisons to the reference group. On average, the treated group was perform-
ing 0.90 SD and 52% above the normative reference group.

Table 19.3 Raw score/percentage/standard deviation improvement values in auditory memory

Pre-Tx a Post-Tx b p Level ES*
95% 
CI

Avg. # 
sessc

% 
Changed d

Norm 
value /SD e

Vs. 
Norm f

Group M (SD)a M (SD)b M Diff
CI 
ES* Sessc Changed

(Sample 
size)e

diff./% 
difff

TBI 
(N = 36)

11.7 
(7.7)

24 (5.8) <0.001 1.75 .88, 
2.62

1.93 105% 15.7 (5.12) 1.52 
(53%)

Note. Asterisks indicates Hedge’s unbiased estimate of effect size, with confidence intervals effect 
size. If values are above 0, then results are significant. Tx treatment, ES effect size, CI confidence 
interval, sess session, SD standard deviation
aInitial average auditory memory value (immediate and delayed recall score) and standard devia-
tion value (SD) of group
bPosttreatment average auditory memory value and SD value of group
cAverage no. of evaluations employed to obtain posttreatment memory scores
dThe % change from preevaluation values, that is, (post-pre)/pre
eThe average memory score of the control group (SD value)
fThe SD of the posttreatment memory score compared to the normative database values as well as 
the % difference from the normative values

Table 19.4 Raw score/percentage/standard deviation improvement values in reading memory

Pre-Tx Post-Tx p level ES*
CI 
95% Avg. %

Norm 
value (SD)

Vs. norm 
SD

Group M (SD)a M (SD)b M Diff
CI 
ES* Sessc Changed

(Sample 
size)e

diff./% 
difff

TBI 
(N=13)

2.23 
(1.38)

5.41 
(1.9)

<0.001 1.85 0.94, 
2.77

1.69 143% 3.61, (1.5) 1.06/50 %

Note. Asterisks indicate Hedge’s unbiased estimate of effect size (1981 and 1985), with confidence 
intervals effect size. If values are above 0, then results are significant. Tx treatment, ES effect size, 
CI confidence interval, TBI =traumatic brain injury, sess session, SD standard deviation
aReading memory (immediate and delayed score combined) and SD scores of the original evalua-
tion per 10 s of reading (i.e., participant reads for 100 s; if has a recall score of 10, then the 10-s 
reading memory value is 1)
bMean and SD of posttreatment reading scores for 10 seconds of reading
cThe average # of sessions employed to obtain posttreatment reading scores
dThe % change value (i.e., (post-pre)=pre)
eThe normative values and SD for adults
fThe SD difference of the posttreatment measure compared to the normative database as well as the 
percentage difference
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 Possible Placebo Effects

It has been a criticism of the EEG biofeedback field that the effects are a result of a 
placebo effect. This argument has been made by Thibault and Raz [15] who state, 
“in light of the comparable benefits of veritable-versus-sham feedback, conflicts of 
interest, and a weak theoretical underpinning, advocating for EEG-nf poses a 
conundrum…Sparse evidence supports the idea that humans can reliably modulate 
EEG-nf signals” (p.684). This issue was directly addressed in the Thornton [16] 
article and has been rebuked for six main reasons including discussions of placebo 
effects, biochemical effects, specifically neurotransmitters, and empirical evidence 
(see article for details on all points). The use of the QEEG in TBI assessment/clas-
sification and rehabilitation has sound research support. The effectiveness of EEG 
biofeedback can be understood, not as a placebo effect, but as consistent with a long 
history on the effectiveness of operant conditioning.

 Conclusion

The clinical value of the QEEG in the TBI arena has been documented in this chap-
ter as: (1) highly effective in discriminating between a TBI subject and a normal 
individual; (2) has shown the specificity in distinguishing between a learning dis-
abled and a normal control (in pediatric cases); (3) has highlighted an important 
difference in the male and female brain; and (4) has been shown to be efficient in 
addressing the cognitive problems in patients suffering from a TBI. With the lack of 
sound diagnostic and treatment options in the management of mTBI, QEEG offers 
itself as another potential methodology. Its high accuracy of diagnoses (at times 
100%) and its utility in cognitive rehabilitation could be useful to clinicians dealing 
with individuals post mTBI.
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Treatment of Sports-Related Concussion

Michael Gay

 Introduction

Sports-related concussion (SRC) or mild traumatic brain injury (mTBI) remains a 
significant healthcare concern for athletes of all ages. Clinicians and researchers are 
learning more details about the short- and long-term consequences of trauma to the 
brain. In 2012, the National Collegiate Athletic Association (NCAA) & the 
Department of Defense launched the largest study to date on concussion entitled the 
CARE Consortium. This research effort has yielded several studies advancing our 
knowledge across a spectrum of brain science in sports-related concussion.

The complexities of the pathophysiologic sequelae in the brain, combined with 
the clinical manifestation of behavioral signs and symptoms, are what can make the 
treatment of concussion challenging. Combine the difficulties in diagnosing and 
treating an athlete recovering from concussion with the pressure surrounding sports 
culture in America and you create a potentially dangerous environment for the 
concussed athlete. Moreover, there is an urgency to develop targeted treatments for 
young athletes as we are beginning to understand the correlations that exist between 
age of onset for sports-related head impacts and likelihood of repeat trauma [1]. 
Recent research into high school sports injury rates has revealed an alarming 
increase in the number of diagnosed concussions each year [2]. These young brains 
are in their formative years of neurological development and the long-term 
consequences from brain injury are significant.

In addition, there are tens of thousands of military personnel from multiple battle 
fronts overseas who have suffered traumatic brain injury and are in need of 
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treatment and long-term care. This societal increase in brain injury rates has focused 
the research community’s efforts into further understanding tenants of the brain’s 
pathophysiological response to injury as well as short- and long-term clinical mani-
festations. However, researching effective treatments for mild traumatic brain injury 
meets with several challenges in forming evidence-based treatment approaches to 
improve patient outcomes and overall health [3]. Most treatment approaches remain 
grounded in the clinical domain of “functional recovery” while biomarkers of phys-
iological recovery have not been made clinically meaningful. This intersection 
between functional and physiological recovery continues to demand our attention in 
order to maximize our outcomes and reduce the lifelong burden placed on quality of 
life following concussion.

 Definition of Concussion

Reviewing the literature surrounding the treatment for concussion or mild traumatic 
brain injury (mTBI) requires that we examine the definition and events surrounding 
concussive injury. There is disparity among researchers on the issue of a unified 
definition of the term “concussion.” The current accepted definition of concussion 
was re-tasked by the Concussion in Sport Group (CISG) during the first International 
Conference on Concussion in Sport in Vienna 2001 and has remained unchanged in 
subsequent examinations by the CISG. This group was comprised of researchers 
and clinicians from the fields of neuropsychology, sports medical physicians, neu-
rologists, and neurosurgeons among other allied health professionals. These experts 
were highly involved in research as well as with the diagnosis, treatment, and man-
agement of sports-related concussion in patients. The CISG definition is as fol-
lows [4]:

“Concussion is defined as a complex pathophysiological process affecting 
the brain, induced by traumatic biomechanical forces. Several common features 
that incorporate clinical, pathological, and biomechanical injury constructs that 
may be used in defining the nature of a concussive head injury include the 
following:

 1. Concussion may be caused by a direct blow to the head, face, neck, or elsewhere 
on the body with an ‘impulsive’ force transmitted to the head.

 2. Concussion typically results in the rapid onset of short-lived impairment of neu-
rological function that resolves spontaneously.

 3. Concussion may result in neuropathological changes, but the acute clinical 
symptoms largely reflect a functional disturbance rather than structural injury.

 4. Concussion results in a graded set of clinical syndromes that may or may not 
involve loss of consciousness. Resolution of the clinical and cognitive symptoms 
typically follows a sequential course.

 5. Concussion is typically associated with grossly normal structural neuroimaging 
studies.”
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Although some medical experts and researchers vary in their approach to the 
term, in the research literature and in clinical terminology, sports-related concussion 
is often considered interchangeable with mild traumatic brain injury. In contrast to 
the CISG- based definition of concussion in 1993, the American Congress of 
Rehabilitative Medicine defined mTBI as a traumatically induced physiological 
disruption of brain function, as manifested by focal neurologic deficit(s) that may or 
may not be transient [5]. This contrasting definition is inclusive, in that mild 
traumatic brain injury involves some level of both functional and structural 
disruption to normal brain tissue that may or may not be permanent. The scope of 
this debate is beyond the intention of this chapter but considering the lack of a true 
clinical or research-based distinction between concussion and mild traumatic brain 
injury, the terms will be used interchangeably throughout the text of this chapter.

 New Classification of Post-Concussion Syndrome

Athletes who suffer from sports-related concussion experience a variety of clinical 
symptoms caused by damage and neurologic dysfunction at the cellular level in the 
brain. Many of these individuals experience a recovery from clinical symptoms 
within 7–10  days post injury. However, several athletes recovering from sports- 
related concussion have clinical symptoms lasting 3 months or longer [6]. Formally, 
a diagnosis of post-concussion syndrome (PCS) is based on clinical symptoms 
defined by the Diagnostic and Statistics Manual – Fourth Edition (DSM-IV) as (1) 
cognitive deficits in attention or memory and (2) at least 3 or more of the following 
symptoms: fatigue, sleep disturbance, headache, dizziness, irritability, affective 
disturbance, apathy, or personality change [7]. In the updated Diagnostic and 
Statistics Manual  – Fifth Edition (DSM-V), post-concussion syndrome is now 
diagnosed as neurocognitive disorder (NCD) of either major or minor classification 
due to the extent of traumatic brain injury. The specific DSM-5 criteria for 
neurocognitive disorder (NCD) due to traumatic brain injury are as follows [8]:

 I. The criteria are met for major or mild neurocognitive disorder (decline in cog-
nitive ability: memory, concentration, processing speed).

 II. There is evidence of a traumatic brain injury – that is, an impact to the head or 
other mechanisms of rapid movement or displacement of the brain within the 
skull, with one or more of the following:
• Loss of consciousness
• Posttraumatic amnesia
• Disorientation and confusion
• Neurological signs (e.g., neuroimaging demonstrating injury; a new onset of 

seizures; a marked worsening of a preexisting seizure disorder; visual field 
cuts; anosmia; hemiparesis).

 III. The neurocognitive disorder presents immediately after the occurrence of the 
traumatic brain injury or immediately after recovery of consciousness and 
persists past the acute post-injury period.
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 Biomechanics of Concussion

Acute concussion or mTBI is characterized by the disruption of neuronal homeosta-
sis through physical forces transferred to the neuron through direct or indirect 
mechanical forces. The biomechanics of mTBI are important to understand when 
looking at the associated physiological damage that is created. These damaging 
forces include acceleration/deceleration, compression, and distraction or shear 
forces. Each of these forces creates a different signature within the brain and can 
have slight differing affects across the relatively isomeric characteristic of brain 
tissue. Each of these forces should be explored and defined, both singularly and in 
combination, as concussive injury to the brain. Rarely is brain trauma isotopic in 
nature (i.e., just stretch or just compression).

The acceleration force injury occurs when the head is fixed and is accelerated 
rapidly by an external force of an object colliding into it. These acceleration forces 
drive the inner cranium to collide with a fixed brain within the cranial cavity. In 
athletics, an example of an acceleration injury would be like the forces absorbed 
through punches being taken by a boxer or when a football player is “blindsided” by 
an opposing athlete and the head becomes violently accelerated. In contrast, the 
deceleration force is created when the head is already in motion and it is rapidly 
decelerated by a fixed object. A player’s head coming into contact with the playing 
surface or with a fixed object on the playing field like a goal post would be an 
example of a deceleration force.

Acceleration and deceleration forces of a linear nature produce contusion-type 
injuries to the brain due to the absorption of compressive forces. A contusion located 
on the same side relative to the location of the applied external force is labeled a 
“coup”-type injury. A contusion received by the brain on a side opposite the side of 
the acceleration/deceleration forces is commonly referred to as a counter coup 
injury. The degree and depth of penetration for linear forces are modified by its 
intensity [9]. Mild acceleration/deceleration forces affect namely superficial layers 
in the brain. In addition, moderate-to-severe compressive forces can affect deeper 
structures within the brain. Thus, cell viability, structural, and functional disturbance 
of neurons can involve both cortical (superficial) and subcortical (deep) structures 
in the brain.

In addition to the damaging nature of linear acceleration/deceleration compres-
sive forces, angular acceleration/deceleration stretches, or shear forces can generate 
significant trauma in the brain and are often considered more damaging [10]. These 
may be considered more damaging as the viscoelastic and gelatinous properties of 
the brain, with its subsequent high-water content, are highly resistant to compression 
and less resistant to distraction or shear tensile forces. These acceleration/
deceleration forces contribute to the destructive distraction and shear forces or 
“stretch” on the white and gray matter of the brain. In addition, regardless of 
etiology, focal injury has a tendency to accumulate at the site of a transition in 
density as in the transition zones of gray matter (neuronal cell bodies) to white 
matter (neuronal axons), as well as along areas where vessels penetrate the gelatinous 
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matrix of the brain [11]. Angular acceleration/deceleration shear forces can create 
stretch injuries to the white matter or axons [12, 13].

 Neurophysiologic Cascade of Injury

Seminal papers on the pathophysiology of concussion have been developed which 
have been foundational to our understanding of the traumatic sequelae resulting 
from the adverse biomechanical forces absorbed in the brain [14–16]. Researchers 
exploring treatment strategies base their interventions on the ensuing cascade of 
cellular events within the injured tissue in order to influence adverse effects 
downstream and ultimately limit the amount of damage to the brain. A brief 
overview of the different pathophysiological effects of concussion will be helpful as 
we describe the different treatment strategies outlined in this chapter and give 
context to the intervention.

 Metabolic Dysregulation

Of the most damaging forces, stretch and shear strain forces applied to the neuronal 
cell body and axon, can cause significant membrane disruption with a cascade of 
neurometabolic events [17]. Disrupted membranes and altered membrane potentials 
result in a massive efflux of intracellular excitatory amino acids (EAA) and 
potassium (K+) [18]. Additionally, mechanically induced depolarization contributes 
to the release of EAA-like glutamate. Once glutamate is released and subsequently 
bound, more intracellular K+ is released compounding the distressed environment 
[19]. To restore intracellular homeostasis, the Na+/K+ ATP-dependent pumps work 
in excess [17]. This excess function demands increased amounts of ATP. However, 
the immediate ATP stores become quickly depleted, as normal oxidative metabolism 
of ATP is diminished and less effective glycolysis begins. This depletion of ATP 
available for the cell has been linked to mitochondrial dysregulation in the cell after 
mTBI [20].

Metabolic dysregulation mediated by compromised mitochondrial function also 
leads to a decreased glucose metabolic rate and depressed oxidative metabolism 
[21, 22]. This was primarily due to mitochondrial dysfunction and decreased 
respiration that is well documented in the literature after concussive injury to the 
neuron [22, 23]. DiPietro et  al. developed a broader theory that the proteins 
associated with ATP-dependent processes within the cell and associated with the 
mitochondrial electron transport chain were downregulated at the time of injury as 
a form of “hibernation” state. It is theorized that this hibernation and hypometabolic 
state may be neuroprotective in nature and spare the cell from secondary metabolic 
cell death [24]. However, a prolonged state of metabolic dysregulation and 
hypometabolism may contribute to the deleterious long-lasting clinical features of 
minor/major neurocognitive disorder (NCD) often experienced in patients with 
prolonged symptoms [25].
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 Oxidative Damage and Apoptosis

The unregulated release of EAA contributes to an increased cellular concentration 
of Calcium. Increased amounts of intracellular Ca++ have direct and indirect 
consequences in the cell. A direct consequence of the cytosolic presence of Ca++ is 
the altered membrane potentials across the mitochondrial membrane [26]. Moreover, 
if not corrected, the increasing presence of Ca++ within the cell and within the 
mitochondria can stimulate the release of apoptic precursor proteins (Caspase 3). 
The indirect consequence of Ca++ accumulation in the cell is on the ATP-dependent 
voltage-gated Ca++ channels. This becomes another ATP-dependent process in the 
cell which requires energy. In the axon, Ca++-mediated activation of catabolic 
enzymes will affect the cytoarchitecture in the effected microtubule, causing 
compaction [27]. In addition, Ca++-mediated release of phospholipases works to 
disrupt cellular membranes of both the neuron and mitochondria, as they both have 
phospholipid bilayers regulating and protecting intracellular processes. Indirectly, 
glutamate induces neuronal cell death via stimulation of the N-methyl-D-aspartate 
(NMDA) receptor site. Through this action, extracellular Ca++ continues to enter the 
cell and activates Ca++-dependent nitric oxide synthase, resulting in excessive nitric 
oxide formation. Production of free radicals combined with mitochondrial 
dysfunction, and the resultant upregulation of apoptic pre-cursor signaling proteins, 
can ultimately contribute to cell death [21, 25, 28, 29].

Among cells which remain viable, there has been some evidence of differential 
recovery of function between the soma (cell body) and axons of the groups of 
neurons exposed to injury [30]. The cell body has the density in organelles with the 
capability of earlier restoration of cell body homeostasis. This is in stark contrast to 
the axon, which has microtubule structures that are more vulnerable to the stretch 
and shear forces seen in mTBI. Through the stretch biomechanical forces absorbed, 
intracellular Ca++ stores are released, resulting in increased intra-axonal 
concentrations [31]. Dysregulation of resting membrane potentials across the axonal 
cellular membrane contributes to sustained heightened Ca++ concentrations, which 
contribute to secondary axonotomy in some stretched axons [31, 32]. This acute and 
sustained increase in Ca++ concentration leads to a cleaving of neurofilament side 
arms (leading to compaction) and microtubule disassembly [33]. The healing rates 
for axonal or white matter tracks can take days, months, or years according to 
diffuse tensor imaging research and delays in FA value recovery [30].

 Inflammation

Neuroinflammation plays a role in neuronal cell death and regeneration and can be 
activated in mild TBI or concussion [34, 35]. Physical disruption of cellular 
membranes, unregulated excitotoxicity, altered cerebrovascular response, and 
mitochondrial dysfunction all contribute to the neurochemical milieu surrounding 
affected tissues and can contribute to neuronal injury and cell death. 
Neuroinflammation is characterized by activation of glia, microglia, and astrocytes 
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releasing proinflammatory mediators within the brain. These mediators subsequently 
recruit immune cells. Activation of the complement cascade and upregulation in the 
production of proinflammatory cytokines and chemokines define the neuronal 
inflammatory response and neuronal regenerative response in the brain [36]. This 
generalized response in the brain contributes to both cellular death and regeneration 
in the recovering brain tissue. Upregulation of proinflammatory cytokines like 
tumor necrosis factor-alpha (TNF-α) and a subgroup of interleukins (IL-1, IL-6, 
IL-18) can facilitate the inflammatory response through activation of local microglial 
cells, as well as stimulating the expression of various endothelial cellular adhesion 
molecules (CAM) [37–41]. Cellular adhesion molecules are then responsible for 
local infiltration of neutrophils, leukocytes, and other inflammatory cells [42]. 
These neuroinflammatory changes occur in a dose response from repeated 
subconcussive blows and/or singular mild brain traumatic brain injury [43]. 
Moreover, these “subconcussive” exposures can trigger the same acute 
neuroinflammatory response, in the absence of measured behavioral changes, but 
are shown to increase infiltration of activated microglia/macrophages as part of the 
inflammatory response [43]. Neuroinflammation as described is a physiological 
process following concussive injury that can contribute to the cumulative and 
neurodegenerative effects stemming from repeated “subconcussive” and mild 
concussive injuries.

 Cerebrovascular Response

In addition to the other cellular responses to injury, cerebral blood flow can also be 
compromised from mild traumatic brain injury [44–46]. Cerebral blood flow can 
remain compromised in the acute and chronic stages of recovery from mild traumatic 
brain injury [14, 47–52]. This is possible through uncoupling of the autonomic 
nervous system’s ability to regulate heart rate based on vascular feedback loops 
from the sympathetic and parasympathetic nervous system [53, 54]. Local release 
of cytokines leads to perturbations in  local perfusion rates within vascular beds 
surrounding lesion sites [55]. Moreover, these cytokines associated with 
neuroinflammation are strongly correlated to acute and chronic changes in cerebral 
blood flow [56]. Alterations in cerebral blood flow can last longer than 1 week in 
patients recovering from mTBI and can be significantly altered in patients suffering 
from chronic post-concussion syndrome [57, 58]. It has even been suggested that 
measurements of cerebral blood flow may act as a biomarker of recovery in athletes 
recovering from mild traumatic brain injury due the strong connection with 
neuroinflammation.

Ultimately, correction of these cellular dysfunctions lies in the brain’s ability to 
restore adequate blood flow to the site of injury; restore/preserve cellular membranes; 
restore/preserve mitochondrial function; increase substrate availability; and limit 
the inflammatory response to cellular injury. As the brain restores homeostasis, the 
normal physiologic function of largely intact neuronal cells can remain disrupted.
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 Chronic Traumatic Encephalopathies

One area of increased attention over the past decade has been the “down-
stream” effects of repeated head impacts or traumas. These effects have both 
pathological and clinical features which, in some cases, can be fatal. These 
disease-states are the result of diffusely distributed neurofibrillary tangles 
(NFTs) composed of hyperphosphorylated tau protein, the presence of which 
ultimately disrupts neuronal function in the brain. It has been well established 
that brain injury, like what is experienced in sports-related concussion, is an 
environmental risk factor for acute and chronic tauopathy like what is seen in 
early onset dementia and Alzheimer’s Disease [59]. One we hear about most 
often today is chronic traumatic encephalopathy or CTE. This pathology had 
been previously explored in the psychiatric literature and identified as “punch 
drunk” syndrome [60]. Its neuropathological features had been published 
recently and inform our current accepted features of the disease [61]. Furthering 
this association of repeated brain trauma and tauopathy was a landmark discov-
ery of hyperphosphorylated tau with specific perivascular distribution reported 
by Dr. Bennet Omalu in the brain of a deceased football player [62]. Dr. Omalu 
reported these pathologies found in the brains of professional football players 
from the NFL who also demonstrated noted behavioral pathologies causing 
mental illness and ultimately leading to their untimely deaths. Today, CTE has 
a tissue presentation that is recognized as a distinct neurodegenerative disease 
neuropathologically defined by perivascular accumulation of abnormally phos-
phorylated tau protein at the depths of cortical sulci [63]. CTE, like many other 
taupathies, is attributed to traumatic brain injury stemming from subclinical to 
clinical head impacts [64].

The underlying mechanisms which ultimately lead to these disease states repre-
sent targets for therapeutic intervention which is currently ongoing. Proposed treat-
ment strategies for sports-related concussion or mTBI and its physiological 
phenomena should attempt to address some of the deleterious pathophysiologic 
effects outlined above. Some attempts have been made to synthesize the literature to 
assess clinical and physiological features of injury and time course of healing to 
inform future directions in research on recovery from sports-related concussion 
[65]. At present, these serial biologic datapoints are not readily available and 
meaningful to clinicians. Therefore, this chapter provides a summary of the 
interventions currently being researched around mTBI using available definitions of 
functional recovery with some biological insight using imaging and animal models 
of mTBI to help inform the process.

 Common Treatment Intervention Strategies

Review of the literature on treatment strategies being researched for sports-related 
concussion focuses on a few primary areas. Current treatment interventions 
receiving significant attention in the research include rest, exercise, physical therapy 
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interventions, and psychiatric/psychological interventions. We will examine the 
research surrounding each of these areas of rest, exercise, physical therapy, and 
psychiatric/psychological interventions.

 Rest for Concussion

The long-standing recommendation of physical and cognitive rest has remained 
intact since the very first and subsequent concussion in sport group formed and 
provided concussion management guidelines [66–70]. Most recently, there has 
been a paradigm shift to introduce exercise or activity at an earlier stage of 
recovery following an initial period of rest [70]. The prescription of rest has 
been studied more closely by a few RCTs examining the recommendation and 
its effects [71, 72]. However, the major difficulties in validating this treatment 
recommendation across the body of research are largely due to the heterogene-
ity of research constructs. Attempts are being made to synthesize the informa-
tion in a meaningful way so that clinicians can make evidence-based decisions 
for the use of rest and exercise in their treatment and management of athletes 
recovering from concussion [73, 74]. Prescriptions for rest studied in the litera-
ture are inconsistently assigned and result in varied timing of rest (i.e., acute 
vs. sub-acute); duration of rest; definition of rest; type of rest (cognitive vs 
physical); objective pre- and post-rest measures of “recovery” from concus-
sion. The most glaring omission is the complete absence of neurophysiological 
biomarkers to assess tissue-based recovery in our patient population. We will 
attempt to summarize the different studies looking at different prescriptions of 
rest following concussion, demonstrating either a benefit, no benefit, or delayed 
“healing.”

The research describing benefits of cognitive and/or physical rest are reported 
in the literature across decades of study [75–79]. In line with these findings are 
studies that describe patient prognosis when exposed to early cognitive stress. Dr. 
Gioia et al. found that school-aged students reported an increase in concussion-
related symptoms when they were immediately returned to school [80]. In a pro-
spective cohort study, early cognitive rest was supported by Dr. Brown and 
colleagues [81]. Brown et  al. determined that increased cognitive activity was 
associated with longer recovery from concussion and therefore supported the idea 
of early cognitive rest. In addition, a recent study by clinicians at a concussion 
treatment clinic found that a 7-day period of rest prescribed during any phase of 
recovery post concussion significantly improved cognitive testing measures and 
symptom reports across high school- and college-aged athletes [78]. Even more, 
Gibson et  al. found no association with early cognitive rest to the duration of 
symptoms in athletes evaluated and enrolled in a sport concussion clinic [82]. As 
a result, it is still recommended that adolescents recovering from sports-related 
concussion have a brief period, typically 24–48 hours, of cognitive rest designed 
to reduce cognitive burden on the brain in order to support recovery and full return 
to academics [83–87].
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 Early Activity or Exercise for Concussion

As noted in an earlier section, concussion happens when traumatic forces cause a 
cascade of physiological effects on the brain. As such, the clinician and guiding 
physician treating athletes recovering from concussion should employ strategies 
that look to counteract these damaging physiological effects. In a broad sense, one 
such strategy has emerged over the past decade: activity or exercise. The health 
benefits of early movement and exercise following concussion have been reported 
in the research for decades [88]. Chronic exercise is noted to improve overall 
function in the brain and specifically clinical outcomes from a wide range of mental 
illness [89], brain disease [90, 91], cognitive function [92], and trauma [93]. Exercise 
and acclimation to environmental stresses enhance several neuroprotective 
mechanisms in the brain [94] and subsequently make the brain more resilient to 
disease and injury [95, 96]. As such, the prescription of exercise for athletes in their 
recovery from sports-related concussion is a practical application of the large body 
of literature for the improvement of patient outcomes in concussion.

In contrast to the previous section, a growing body of research has found no 
direct benefit from a prescription of rest or prolonged rest [88, 97–99]. Moreover, 
in a recent meta-analysis of RCTs for rest & aerobic exercise, researchers found 
that protocols that included a normal rest period contributed to longer recovery 
times and higher symptoms scores on PCSS [100]. Examining the effects of early 
activity, one study by emergency room physicians assigned patients to either 
5 days or 1–2 days of rest followed by a gradual return to activity. The clinician 
researchers found that rest for 5 days vs. 1–2 days resulted in a larger number of 
reported symptoms by patients [101]. Confirming this finding, Howell et al. found 
that athletes who engaged in aerobic activity within the first week post-concussive 
injury reported lower symptoms severity than their non-exercising peers [102]. 
Wilson and colleagues also found that children and adolescents recovering from 
concussion who engaged in early activity report fewer and milder post-concussion 
symptoms and recovered sooner than their peers who were prescribed relative rest 
[103]. Translational research using animal models of concussion shows that 
immediate activity following brain injury upregulated genetic transcription fac-
tors supporting healing as well as improved behavioral activity scores in mice 
[104]. Combined, these findings of benefits and non-benefits lead us to the con-
clusion that this area of initial care using rest needs further investigation to fully 
understand what clinicians should be prescribing for their athletes recovering 
from concussion.

As with most areas of promise in the treatment of brain injury, its application 
remains limited to the objective measures of functional injury resolution. Clinicians 
still lack the ability to assess physiologic recovery and tissue recovery objectively 
through readily accessible and relevant biomarkers. So, we will examine the effect 
that exercise has on the recovering brain through that lens. From the animal and 
human imagining and physiological research, we can examine how exercise 
improves overall brain physiology and function in the specific areas effected by 
sports-related concussive injury.

M. Gay



399

 Neurophysiologic Adaptation to Exercise

 Neurovascular Response to Exercise in Concussion

Additionally, it is well known that the vasculature in the brain changes with exercise 
[105]. Exercise is capable of new vascular formation in the cerebral cortex [106] 
and strengthening cerebrovascular reactivity [107]. These changes due to exercise 
positively affect the brain and help to mitigate the strength of negative vascular 
responses post injury as sports-related concussion causes acute and chronic 
cerebrovascular reactivity and hypoperfusion [57].

It has been demonstrated that exercise as a treatment modality can restore normal 
perfusion in the brain to areas previously effected [57]. Exercise has been proven to 
improve and promote cerebrovascular circulation through reperfusion and 
angiogenesis in the brain. During exercise, the brain becomes “flush” with heavily 
oxygenated blood. While humans exercise, the brain is challenged with providing 
the musculoskeletal system and body organs with an adequate amount of blood to 
meet the increased metabolic demands. In addition, the body must maintain adequate 
arterial blood pressures across the entire system. Compared to the dramatic increases 
across the periphery and organs, the increase in cerebral blood flow is only mild 
(<30% increase in CBF) up to ~60% Max VO2 [108, 109].

Research looking at patients with chronic post-concussion syndrome has shown 
differences in cerebrovascular blood flow compared to normal controls in pediatric 
and adult populations [48, 57, 58, 110]. Consequently, when exercise is prescribed 
for athletes recovering from concussion, researchers have found restoration of CBF 
and improved tolerance to exercise [57, 111].

 Neuroplasticity, Neurogenesis, and Exercise

Exercise, in particular aerobic exercise, has a long line of research demonstrating its 
benefit on the improvement in neurogenesis, cognitive function, and plasticity 
[112–116]. The processes that support these functions also promote healing as the 
brain recovers from trauma. Exercise enhances the production and release of several 
factors in the brain and from the periphery, including substances like BDNF, IL-1, 
VEGF, and lactate, all of which have been indicated in neuroprotective cascades in 
the brain. Briefly, brain-derived neurotrophic growth factor (BDNF) is believed to 
be a major factor in hippocampal function, neuronal cell survival, synaptic plasticity, 
neurogenesis, and mitochondrial biogenesis [117, 118]. Insulin-like growth factor 1 
(IGF-1) is a neurotrophic hormone taken up by the brain after exercise. IGF-1 
interacts through many complex pathways to promote amyloid β production and the 
stabilization or preservation of synaptic plasticity in recovery from brain injury 
[119]. Moreover, studies of exercise following brain injury demonstrated early 
uptake of IGF-1, which reduced overall brain lesion size [120]. Vascular endothelial 
growth factor (VEGF) is a cytokine responsible for the restoration/promotion of 
new blood vessels and long-term potentiation in the brain. Exercise upregulates the 
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production of VEGF in the brain which subsequently works counter to the localized 
compromised regional cerebral blood flow seen in mTBI through angiogenesis 
[121]. Finally, lactate is a by-product when pyruvate is broken down by muscle dur-
ing moderate activity. When its produced at a faster rate that it can be processed, 
lactate concentrations remain elevated in the blood. This increase in blood lactate is 
utilized across the body and is also taken up in the brain to support various functions 
during exercise [122]. Lactate is also used as an energy substrate for neurons recov-
ering from TBI [123]. In addition, lactate is also closely linked with increased 
VEGF production by binding to lactate receptors in the brain [121].

 Mental Illness, Concussion, and Exercise

Over the past decades, exercise has long been prescribed to improve outcomes from 
patients with mental illness across a spectrum of disorders [124–135]. Trauma- 
enhanced mental illness is a serious growing public health crisis where adolescent 
and adult athletes sustaining concussion have an increased susceptibility [136–139]. 
Moreover, many parents of adolescent patients recovering from concussion are not 
fully aware that they need diligence in identifying mental health-related symptoms 
following concussion [140]. Population- based research tells us that school-aged 
adolescents sustaining a concussion have an increased risk of poor mental health 
outcomes that includes increased or persistent depression symptoms including 
attempted suicide [141–144]. This is also supported in research on adults suffering 
multiple concussions that demonstrate an increase in impulsivity and aggression 
[145] and symptoms of mental illness like anxiety and depression [146, 147]. The 
prescription of exercise for the subgroup of concussion with mental illness has 
demonstrated promising findings.

 Exercise, Heat Acclimation, and Neuroprotection

As regular exercisers, athletes have developed many physiologically adaptive 
responses to stress. One of those areas of stress comes from the environment. 
Research in the area of heat stress and acclimation during exercise has yielded 
insights into proposed mechanisms of neuroprotection and neurophysiological 
adaptation. The brain’s adaptations to heat stress may indirectly influence how the 
brain responds to the added condition of trauma. Known adaptations to heat stress 
in the areas of vascular response and, more specifically, the upregulation of heat 
shock proteins are discussed in this section.

As discussed in the previous section, exercise up to 60% VO2 increases global 
CBF by as much as 30% above which point CBF is maintained or reduced, despite 
the continued cerebral metabolic demands that often are enhanced during exercise. 
The introduction of heat stress during moderate-to-heavy exercise enhances the 
uncoupling between metabolic demands and a subsequent reduction in CBF [148]. 
In addition, the cerebrovascular demand across the brain is regionally modified in 
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an attempt for the brain to address location-specific activation, which may be 
compromised in the heat. It has been demonstrated in the literature that anterior 
hemispheric CBF may be compromised or reduced during exercise in the heat [149]. 
Therefore, under hyperthermic conditions, this “pre-existing” increased metabolic 
demand and lowered regional blood flow may in some way contribute to worse 
outcomes, although it has not been directly assessed in animal models of 
hyperthermia and concussion [150]. This remains a hypothetical framework that has 
not been investigated fully.

Animal models and human case studies of heat stress and trauma have given us 
insight into the underpinnings of worse physiological and clinical outcomes 
following mild-to-moderate TBI [150, 151]. The brain’s ability to preserve brain 
function and mitigate the stress of heat may be largely modulated by the expression 
of a group of stabilizing proteins called heat shock proteins. Research in the area of 
neurophysiological acclimatization to heat has focused on the expression of these 
heat shock proteins and their role in stabilizing intercellular processes during times 
of stress and heat induction. These proteins contribute to the local intra- and 
extracellular environment both directly through stabilization of cellular proteins and 
indirectly through the up- or downregulation of cytokines responsible for apoptosis, 
tau protein toxicity, and amyloid plaque formation. This cellular response to heat 
stress is seen across many tissue and cell types. There are some sub-families of heat 
shock proteins present in the brain which can provide neuroprotective effects. 
However, to date, there are no published studies that examine the effects of these 
sub-groups of heat shock proteins and their effect on mechanically induced 
neurotrauma (i.e., concussion).

We can however describe the peri- and posttraumatic hyperthermic environment 
under which these heat shock proteins may play a role. Some sub-families of heat 
shock proteins and their subsequent functions are described. Heat shock transcription 
factor-1 (HSF-1) is a precursor for heat shock protein-1 (HSP-1). Its primary role 
serves in the stabilization of endoplasmic reticulum function and the downregulation 
of certain proapoptic cytokines [152, 153]. It also supports mitochondrial and 
cellular function through the preservation of intracellular protein folding within the 
endoplasmic reticulum. In general, this would assist neurons in the restoration of 
cellular homeostasis if these proteins and mechanisms are active during mechanically 
induced neurotrauma.

Heat Shock Protein-27 (HSP-27) is a protein which can have neuroprotective 
effects against tau protein toxicity. In mTBI, early mechanisms following trauma 
result in hyperphosphorylated tau. This overexpression of these specific proteins 
forms neurofibrillary (NF) tangles, which disrupt normal cell function in the brain 
and can lead to early onset dementia, Alzheimer’s, and ultimately, cellular apoptosis. 
HSP-27, along with other proteins expressed in the astrocyte, has a neuroprotective 
effect on tau phosphorylation [154]. This decreased expression of tau has the 
potential to protect against the long-term formation of NF tangles as a result 
from trauma.

Finally, heat shock protein-70 (HSP-70) has been reported in the research to have 
a potentially therapeutic effect for patients with Alzheimer’s disease (AD). The 
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presence of amyloid plaques in the brain is a result of the overexpression of 
β-amyloid peptides through beta-amyloid precursor protein phosphorylation. Like 
the production of NF tangles, β-amyloid plaque deposits disrupt the normal cellular 
function of neurons and astrocytes in the brains of patients diagnosed with 
Alzheimer’s disease. Both NF tangle and amyloid plaque formation have been the 
target for research aimed at treating AD. Hoshino et al. focused on the expression of 
HSP-70 in transgenic mice. Mice with an increased expression of HSP-70 were able 
to decrease the production of β-APP through decreased expression of β-amyloid- 
degrading enzymes and TGF-β1, which is a cytokine that stimulates phagocytosis of 
β-APP [155]. TBI also stimulates the production of β-amyloid plaques. In a sense, 
an active expression of HSP-70 through heat acclimation training may have a 
potential benefit in the long-term formation of these damaging plaques.

Heat shock proteins along with other proteins and cellular components can 
potentially play an important role in the preservation of homeostasis to the injured 
neuron. It certainly appears that heat shock proteins have a neuroprotective effect as 
it relates to both the short- and long-term consequences of neuronal stress under 
controlled conditions. Research in this area using animal models of injury may 
provide a clearer picture of the functional role these proteins play in preservation of 
neurons as result of trauma under hyperthermic conditions. These claims of 
hyperthermia-induced physiological changes have not been substantiated in the 
research and are therefore a hypothetical framework of neuroprotection in mTBI.

 Psychological Treatment of Concussion

Increasing attention has been given to mental health disparities occurring secondary 
to sports-related brain injury. It is widely accepted that psychological treatment 
techniques like psychoeducation, cognitive behavioral therapy (CBT), and 
mindfulness-based treatment techniques are an effective treatment option to improve 
executive function, reduce PCSS scores, improve quality of life, and reduce 
symptoms of depression and anxiety in mTBI patients [156, 157]. This section 
reviews the research surrounding these psychological treatment strategies and their 
efficacy.

 Psychoeducation

There is some evidence to support the use of early psychoeducation about 
expected post-concussive symptoms and recovery from concussion. Several 
studies providing early reassurance regarding expected recovery, guidance about 
managing symptoms, and guidance in resuming pre-injury roles in the acute 
phase of injury found a significant effect of reported symptoms 3 months later 
[158]. Minderhoud and colleagues provided patients with a manual on the nature 
and recovery of symptoms seen in PCS and found significantly reduced reports 
of PCSS 6 months post injury [159]. In two different studies where patients were 
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issued a manual or pamphlet specifying what symptoms to expect and how to 
manage symptoms and stress, the patients claimed that the information helped, 
or they reported fewer symptoms [158, 159]. This trend of reduced symptom 
reporting has shown up in several other studies involving early psychoeducation 
as well. This would indicate that early psychoeducation does not prevent the 
development of symptoms, but rather facilitates better coping strategies and 
symptom management. This is exactly what Wade and colleagues concluded in 
their study [160]. They provided patients with an informational sheet about 
potential symptoms and additional clinical support as needed, but found no 
objective difference in symptom severity at 6 months post injury. They did, how-
ever, find significant improvement in daily functioning and activity [160]. In 
2002, Ponsford and colleagues provided patients with a pamphlet on potential 
symptoms and coping strategies [161]. They found almost identical results to 
those of Wade with no significant improvements on neuropsychological assess-
ments, but significantly fewer symptoms reported by the treatment group when 
compared to controls [161]. This is not to say that early education does not have 
a place in treatment of concussion. It has long been established that patients’ 
appraisal of recovery can have a strong effect on their rate of recovery and over-
all perceived quality of life. Furthermore, it has been shown that stress can exac-
erbate concussion symptoms and slow recovery; therefore, early education may 
be beneficial simply by helping to foster management of symptoms and stress 
[162]. The inclusion of early education practices in managing patients recovering 
from concussion is indicated to manage injury-related stress.

 Cognitive Behavioral Therapy

Cognitive behavioral therapy (CBT) takes the results of early education and 
improved symptom coping and management and attempts to apply them to 
individuals suffering from PCS. Cognitive behavioral therapy targets individuals’ 
maladaptive beliefs, emotions, and cognitive processes [163]. In PCS populations, 
CBT seeks to improve the emotional appraisal of symptoms, coping, and stress 
management following injury. In a meta-analysis of RCTs, there were positive 
effects of cognitive behavioral therapy on sub-acute depression and anxiety scores 
[157]. In studies of individuals with head injuries, subjects often underestimate the 
frequency and severity of PCS-like symptoms pre-injury. Comparatively, healthy 
controls were better able to predict or anticipate potential symptoms of PCS. This 
difference in perception and expectation of injury can lead to cognitive bias and 
result in focusing on and exacerbation of symptoms. It has also been found that 
negative causal attributions and expectation predict persistent symptoms 3 months 
post injury [163]. Whittaker, Kemp, and House found that patients who expected 
serious negative consequences were more likely to have persistent symptoms [164]. 
They also found that severity of injury and symptoms did not better predict persistent 
symptoms than negative expectations [164]. In pediatric populations, CBT has been 
used to treat those with prolonged recovery trajectories and improve their ability to 
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cope with and reduce PCS symptoms burden, reduce sleep disturbance, and improve 
mental health symptom reports [165–168].

Although there are limited studies on maladaptive behaviors and coping in con-
cussed individuals, some studies of more severe TBI have shown that poor coping 
and maladaptive behaviors such as self-blame and symptom focusing have been 
associated with worse outcome. It is believed that maladaptive behaviors and per-
ceptions may contribute to the maintenance of PCS and PCS-like symptoms.

 Mindfulness-Based Stress Reduction

Mindfulness-based stress reduction (MSBR) is another psychological treatment that 
focuses on the management of negative thoughts, emotions, and behaviors. It 
involves mind-body-focused practices such as yoga and meditation that are intended 
to make one more aware of their internal state and resources. A review of the 
research on mindfulness techniques shows improvement in function of various 
structures in the brain and improved functional connectivity across the default mode 
network (DMN) [169]. Mindfulness-based stress reduction, like other psychological 
intervention platforms, aims to combat the effects of stress, anxiety, and depression 
that sometimes accompany mTBI post-injury symptom cluster.

Earlier this decade, research using MSBR in mild-to-moderate TBI patients had 
produced inconclusive results with regard to objective improvements. One study 
using a mindfulness-based stress reduction intervention on TBI patients produced 
no real treatment effect [170]. McMillan and colleagues found no significant effects 
on objective or subjective measures of cognition, mood, or symptom reporting in a 
cohort of TBI patients [170].

In a more recent growing body of research, many clinicians are reporting positive 
interventions from mindfulness-based treatment. In two studies from Bedard and 
colleagues, they used MBSR interventions at a frequency of one session per week 
for 8 weeks and demonstrated statistically significant improvements in depression 
symptoms, reduced pain intensity, and increased energy levels [171, 172]. However, 
like most of the mindfulness research, it should be noted that Bedard had a small 
sample size and the MBSR intervention was used as a supplement to another group- 
based treatment plan; therefore, its result cannot solely be attributed MBSR 
intervention.

In another small cohort of military mTBI patients, researchers used mindfulness- 
based classes that met weekly to treat a group of servicemen who reported linger-
ing cognitive effects of concussion 1 year post injury [173]. Treatment using 
MBSR resulted in fewer reports of cognitive symptoms and lower symptoms asso-
ciated with PTSD. In a pilot study of MSBR in treating post-concussion syndrome, 
patients were led by neuropsychological experts trained in MSBR for a 2-hour 
session once a week for 10 weeks [174]. The study found significant changes in 
perceived quality of life and self-efficacy, but no significant improvements in 
symptoms [174]. Similarly, in a study of patients recovering from mild-to-moder-
ate TBI, researchers looked at measures of chronic stress, PCSS, and depressive 
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symptom reports [175]. They reported MSBR reduced chronic stress reports as 
well as PCSS and depressive symptom scores compared to the active control group. 
Additionally, Polich and colleagues studied focused attention meditation and a 
form of mobile neurofeedback in mild-to-moderate TBI patients and discovered an 
overall reduction in symptom report and anxiety/depression inventory scores [176]. 
These positive trends are also demonstrated among pediatric mTBI cohorts using 
MSBR treatment techniques [177].

It would appear that MSBR helps patients to cope with reported symptoms and 
improve overall mental health recovery following brain injury. Mindfulness-based 
therapy may be used in conjunction with a treatment plan that provides objective 
scoring measures that assess mental health status following mild traumatic 
brain injury.

 Conclusion

While great efforts have been made to advance the treatment options for individuals 
suffering from a concussion or mTBI, there is still no standard of care. This is partly 
due to the individualized approach many clinicians take, tailoring to the needs of the 
specific individual. As the knowledge of the physiology of concussion continues to 
grow, this will further help to develop treatment plans that are scientifically backed 
and can be tailored to an individual post injury. While rest, exercise and physical 
activity, and psychological approaches were discussed at length here, various 
technologies, supplements, and other therapies are being explored for their potential 
utility in individuals suffering from concussion. Many of these are in the preliminary 
stages of research and more work is needed to determine their effectiveness to be 
able to offer individuals suffering from concussion valid, effective, and individually 
tailored treatment options.
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 Current Clinical Practice

 Diagnosis/Evaluation Procedures

At all levels of collision sports, a concussion evaluation is initiated when an athlete 
has a direct or indirect forceful impact to the head that is associated with visible 
signs, athlete reported symptoms, or suspicion of head injury by medical staff (ath-
letic trainer or team physician). Officials from the sport may also report possible 
concussion to team clinicians, and some sports have implemented education pro-
grams aimed at training officials to recognize a possible concussion. If adequately 
trained medical staff is not present at an event, any suspicion by a coach, official, or 
observer should result in removal of the athlete from play. There should be no return 
to sport until an appropriate medical evaluation has taken place by qualified medical 
staff and the athlete is medically cleared for participation. Concussion may be diag-
nosed immediately but excluding a diagnosis of concussion may take up to 48 hours 
following the head contact due to delayed presentation. During this period, serial 
evaluations should continue with medical staff [1].

The diagnosis of concussion involves assessing the nature of the injury, clinical 
symptoms, physical signs, behavior, balance, and cognition. This evaluation can 
take place on the sideline or in the clinic. The initial sideline evaluation involves 
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observing the ABC’s (airway, breathing, and circulation) and taking cervical spine 
precautions. Any athlete with midline cervical spinous process tenderness or neu-
rological symptoms (upper or lower extremity numbness/tingling or weakness) 
should be considered to have a cervical spine injury until proven otherwise and be 
appropriately immobilized. During a sideline evaluation, the athlete should be 
observed for their motion and GCS (Glasgow Coma Scale) score, which is com-
prised of eye response, motor response, and verbal response. The appearance of 
the athlete should also be taken into consideration, particularly their balance (i.e., 
gait, motor coordination, labored movements), response to questions (confusion, 
disorientation), and overall affect (vacant or blank look). For athletes at the age of 
13 or older, Maddock’s questions should be asked to assess the athlete’s memory 
including their recollection of the injury and specific questions pertaining to the 
game or participation. For athletes younger than 13, Maddock’s questions should 
not be asked due to questionable reliability and usefulness in young children [2]. 
The athlete should be assessed for red flag symptoms, including neck pain, double 
vision, slurred speech, severe or increasing headache, loss of consciousness, sei-
zure or convulsion, focal neurologic deficit, repeated vomiting, deteriorating con-
scious state, and agitation. The presence of these red flag symptoms warrants 
emergent neuroimaging.

Based on this initial assessment, if there is concern for concussion, the athlete 
should be immediately removed from competition and undergo thorough examina-
tion in a private area that is distraction free. The 5th edition of the Standardized 
Concussion Assessment Tool (SCAT-5) has been utilized to evaluate athletes for 
possible concussion. It is a consensus-based instrument validated for use on the 
sidelines in athletes of ages 13 and over [3]. The Child SCAT-5 is used for evaluat-
ing children of ages 12 and younger, and its format is consistent with the format of 
the SCAT-5 [2].

Links to the SCAT-5 and Child SCAT-5 are as follows:

• SCAT-5: https://bjsm.bmj.com/content/bjsports/early/2017/04/26/bjsports- 2017-  
097506SCAT5.full.pdf

• Child SCAT-5: https://d2cx26qpfwuhvu.cloudfront.net/wru/wp- content/uploads/ 
2019/03/05114400/SCAT5_Child.pdf

The SCAT-5 lists 22 separate symptoms that each athlete is asked to rate on a 
scale of 0 (nothing) to 6 (severe). This provides a total number of symptoms (out of 
22) as well as symptom severity score (addition of all the scaled numbers through-
out the 22 separate symptoms). The athlete is then asked about prior history of 
concussion(s) including date and the recovery course for the concussion(s). They 
are also asked about prior history of attention deficit disorder (ADD)/attention defi-
cit hyperactivity disorder (ADHD), learning disability/dyslexia, headache disorder 
or migraine, depression, anxiety, and other psychiatric disorders. The athlete is then 
screened for cognitive function via the Standardized Assessment of Concussion 
(SAC) with tests for orientation, immediate memory, and concentration. To assess 
concentration in the SCAT-5, each athlete is asked to read the months in reverse 
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order as well as a list of digits backward. There are four different lists of digits that 
the athlete is asked to repeat. Delayed memory is measured after the physical exam-
ination takes place, as the athlete is asked to repeat a list of words that was provided 
to them as part of the test for immediate memory. The SCAT-5 offers additional 
10-word lists for immediate and delayed memory as well as longer digital backward 
sequencing. This minimizes the ceiling effect that was a previous limitation of the 
SCAT-3; however, no studies have shown increased sensitivity or specificity for 
diagnosis of sport-related concussion (SRC) with the SCAT-5 over prior ver-
sions [4].

The Child SCAT-5 contains a symptom evaluation section that includes a child 
report and parent report. It is recommended to be completed with the athlete in a 
resting state. For the child report, a list of 21 separate symptoms is included and the 
athlete is asked to rate each symptom on a scale of 0 (nothing) to 3 (severe). This 
provides a total number of symptoms (out of 21) and symptom severity score (addi-
tion of all the scaled numbers throughout the 21 separate symptoms). At the end of 
the child report, the athlete is then asked to rate how they feel on a scale of 0 (very 
bad) to 10 (very good). For the parent report, the parent is asked to rate the same 
symptoms of the athlete on a scale of 0 to 3. The same total number of symptoms 
and symptom severity score are reported, based on the parent’s response. The parent 
is then asked to rate their child on a scale of 0 to 100%. The child is then screened 
for cognitive function via Standardized Assessment of Concussion – Child Version 
(SAC-C) with tests for immediate memory and concentration. Orientation is not 
included due to its doubtful usefulness in young children. To assess concentration in 
the Child SCAT-5, each athlete is asked to read the days of the week in reverse order 
and a list of digits backward. There are five different lists of digits that the athlete is 
asked to repeat. Delayed memory is measured after the physical examination, as the 
child is asked to repeat a list of words that was provided to them in the test for 
immediate memory. Five minutes must pass between the assessments of immediate 
memory and delayed memory [2].

The physical examination component starts with a neck examination, which con-
sists of inspection of the neck and scalp. This is done to ensure there are no red flag 
signs that would be concerning for a skull fracture, which would prompt further 
imaging. At this point, the athlete should have already received palpation of the 
cervical spine to rule out midline spinous process tenderness and step off deformi-
ties, but a more thorough palpation examination can take place to find areas of ten-
derness within the cervical paraspinal musculature. Active ranges of motion with 
cervical rotation, side-bending, and flexion/extension are then assessed. Identifying 
areas of tenderness and monitoring range of motion can help with the rehabilitation 
and treatment process as an athlete recovers from concussion. Special tests are per-
formed, which include the Hoffman test (tapping the nail of the third or fourth finger 
and observing for involuntary flexing of the thumb and index finger) to rule out an 
upper motor neuron lesion, and the Spurling compression test (passively extending 
the athlete’s head and turning to the affected side while providing downward pres-
sure and observing for recreation of radiating upper extremity pain or numbness/
tingling) to rule out cervical radiculopathy.
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The neurological examination then takes place to rule out signs of focal neuro-
logic deficits. First is assessment of the cranial nerves (two through 12) followed by 
cerebellum testing, which consists of pronator drift, finger to nose testing, and tan-
dem gait. Next, strength, sensation, and reflexes of the upper extremities are evalu-
ated. The biceps reflex, brachioradialis reflex, and triceps reflex are assessed, 
followed by strength with shoulder abduction, elbow flexion/extension, wrist flex-
ion/extension, supination/pronation, thumb extension, thumb abduction, pincer 
grasp, and finger abduction. Sensation is assessed over the cervical spine and tho-
racic spine nerve root distributions. This is followed by the assessment of strength, 
sensation, and reflexes of the lower extremities. Hip flexion/extension, hip adduc-
tion/adduction, hip internal/external rotation, knee flexion/extension, plantarflex-
ion/dorsiflexion, ankle internal/external rotation, and ankle inversion/eversion 
strength are measured, followed by assessment of the dermatomal distribution of L1 
to S1. The patellar and Achilles reflexes are also checked, in addition to Babinski 
reflex (stroking the lateral aspect of the sole of the athlete’s foot with thumbnail or 
another sharp object and observing for the great toe dorsiflexing and the other toes 
fanning out), which is evaluated to rule out an upper motor neuron lesion.

Up to 30% of concussed athletes report visual impairments during the first week 
after initial injury. Dizziness may represent an underlying impairment of the oculo-
motor and/or vestibular systems. It is reported in approximately 50% of concussed 
athletes during their recovery timeline and is associated with a 6.4 times greater risk 
of predicting recovery beyond 21 days [5]. Thus, vestibular/oculomotor screening 
(VOMS) is clinically assessed with a careful monitoring of symptoms and eye 
movement abnormalities. Provoking two or more total symptoms after any VOMS 
item has a high rate (96%) of identifying concussion [5]. VOMS has also demon-
strated internal consistency (Cronbach’s alpha = 0.92) in identifying patients with 
concussion [5]. Furthermore, components of the VOMS may also serve as a prog-
nostic indicator of recovery time in SRC [6].

Initially, VOMS begins with the assessment of vertical and horizontal eye smooth 
pursuits. The athlete is asked to follow a slowly moving target horizontally to the 
left and right of the athlete’s midline and vertically above and below the midline. 
While doing this, the examiner is observing the athlete’s eye movement for any 
signs of saccadic eye movement (quick simultaneous movement of both eyes 
between two or more phases of fixation) or nystagmus (uncontrolled repetitive 
movements of the eyes, otherwise known as “dancing eyes”) (Fig. 21.1). The exam-
iner also asks if this test reproduces dizziness, headache, nausea, or fogginess, and 
if so, to rate it on a scale of 0–6. This is compared to the athlete’s baseline symptom 
severity score that was reported earlier in the SCAT-5 [5].

Horizontal and vertical saccades are then assessed to test the ability of the eyes 
to move quickly between targets. Horizontal saccades’ assessment involves the 
examiner holding their fingertips approximately 1.5 feet to the right and left of the 
athlete’s midline. Vertical saccades’ assessment involves the examiner holding their 
fingertips approximately 1.5 feet above and below the athlete’s midline. The athlete 
is instructed to move their eyes as quickly as possible from point to point (first hori-
zontally and then vertically) without moving their head. Again, the examiner is 

J. Wisinski et al.



419

observing the athlete’s eye movement for saccadic eye movement or nystagmus 
while monitoring for dizziness, headache, nausea, or fogginess [5].

Vestibular-ocular reflex (VOR) testing is then performed as a means of assessing 
the ability to stabilize vision as the head moves. The athlete is asked to fully extend 
their elbow and flex their shoulder to 90 degrees, with their thumb extended in a 
superior position (thumbs up). The shoulder is adducted, so that the thumb fingertip 
is midline and at eye level. The horizontal VOR is assessed by asking the athlete to 
maintain focus on their thumb fingertip while rotating their cervical spine approxi-
mately 20 degrees to each side. Ten repetitions are performed, with one repetition 
consisting of the head moving back and forth to the starting position. The vertical 
VOR is assessed by holding the thumb fingertip in the same position and asking the 
athlete to flex and extend the cervical spine 20 degrees while maintaining focus on 
their thumb. Ten repetitions are again performed, with one repetition consisting of 
the head moving up and down to the starting position. With both the vertical and 
horizontal VOR, the examiner is again observing the athlete’s eye movement for 
saccades or nystagmus, while monitoring for dizziness, headache, nausea, or foggi-
ness [5].

Visual motion sensitivity (VMS) testing is performed to assess visual motion 
sensitivity itself and the ability to inhibit vestibular-induced eye movements using 
vision. The athlete is asked to stand shoulder width apart, with the examiner stand-
ing next to and behind the athlete. The athlete places their thumbs together in front 
of their eyes with each thumb in the same position done in the VOR testing. While 
maintaining focus on their thumbs, the athlete rotates their eyes, trunk, and thumbs 
approximately 80 degrees to the left and right. Five repetitions are performed with 
one repetition consisting of the trunk moving back and forth to the starting posi-
tion [5].

Convergence assesses the ability of the athlete to view a near target without 
double vision. The athlete is seated and wearing corrective lenses only if needed. 

Fig. 21.1 Clinical eye 
examination as a part 
of VOMS
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The athlete focuses on the examiner’s finger, which begins at an arm’s length 
away from the patient. The examiner’s finger is then brought toward the tip of the 
athlete’s nose and, throughout this movement, the athlete maintains focus on the 
examiner’s finger. The athlete is advised to inform the examiner when they begin 
having double vision or seeing two of the examiner’s fingers. The examiner also 
observes for outward deviation of either eye. When this point is reached, the loca-
tion of this point is measured to the tip of the athlete’s nose. This can be repeated 
three separate times, so that an average length can be recorded [5]. Normal near 
point convergence (NPC) is considered less than or equal to 5 cm [7]. Although 
the sensitivity and specificity of NPC as a single measure is unclear, the NPC 
measurement of greater than 5 cm has a high rate (84%) of identifying concus-
sions [1].

In a study involving youth and adolescent athletes, symptom provocation and eye 
movement abnormalities in horizontal/vertical smooth pursuits, horizontal/vertical 
saccades, and VOR testing were associated with delayed recovery from SRC. The 
reproduction of symptoms and eye movement abnormalities during NPC testing 
was not associated with delayed recovery in this study [6]. However, a separate 
systematic review revealed that concussed athletes display impaired NPC acutely, 
and there is moderate-level evidence that athletes can display impaired NPC for 
several months postconcussion [8].

The last portion of the physical examination involves the assessment of balance. 
The Modified Balance Error Scoring System (mBESS) has been validated as part of 
the assessment of SRC, and it relies on the clinical judgment and observation of the 
examiner. There are three separate stances (double leg, single leg, and tandem 
stance) that the athletes maintain for 20 seconds each while standing on a firm sur-
face with eyes closed and hands on their hips. Throughout the 20 seconds, the exam-
iner observes for negative events, which include foot lifting, stepping, falling, 
removing hands from hips, eye opening, and failing to return to test position for less 
than 5 seconds. Each occurrence of a negative event is defined as an error and each 
error is marked as one point that is subtracted from the final score. For the SCAT-5, 
each stance has a maximum of 10 points, which makes the total maximum mBESS 
score 30 [4]. For the Child SCAT-5, athletes of ages 10–12 are graded using the 
same scoring system, but athletes of ages 5–9 are graded with a maximum score of 
20. Only the double leg and tandem stances are assessed for the ages of 5–9 [2]. 
Clinical judgment serves as the gold standard for diagnosing concussion [9], as 
definitive data are lacking regarding absolute mBESS scores that reliably rule out or 
rule in concussion [10]. mBESS can also vary throughout a season independent of 
the concussion status, as it can be affected by environment, fatigue, and lower 
extremity injuries [5, 7, 10].

Based on the athlete’s response to the SCAT-5/Child SCAT-5 and their physical 
examination findings, the final determination of SRC is made. If an official diagno-
sis of concussion is not made but there is ongoing clinical concern, the athlete 
should be held out of participation and undergo serial evaluations for up to 48 hours, 
due to the possibility of a delayed symptom onset. If an official diagnosis is made, 
the athlete should not be left alone after the injury and serial monitoring for 
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deterioration should continue over the initial few hours. Monitoring should continue 
at regular intervals, until the athlete has reached full return to participation (RTP).

An initial evaluation that takes place in the office or subacute setting involves 
obtaining a comprehensive history, including the mechanism of injury, symptom 
trajectory, and sleep/wake disturbance. A detailed neurological examination should 
involve the assessment of gait, balance, neurocognitive function, and a complete 
cervical spine evaluation. Vestibular and ocular function should also be assessed by 
using the VOMS tool, VMS, and NPC. Symptom checklists should be used to track 
symptom trajectory, as the utility of sideline balance and neurocognitive assess-
ments to identify concussion decreases within 3 days after the injury [11]. If com-
puterized neurocognitive testing was performed after the injury, it should be 
repeated. Making the diagnosis of SRC involves the presence of a clear mechanism 
of injury along with signs, symptoms, and time course of concussion. In an athlete 
who has ongoing symptoms during the first clinical evaluation, there should be a 
focus on excluding other pathologies such as headache/migraine disorder, mood 
disorder, cervicogenic pain, and peripheral vestibular conditions. There should also 
be a screening for psychosocial or mental health disorders. These pathologies may 
be causing the athletes’ current symptoms or indicate previous pathology that has 
been worsened by the presence of concussion [4]. If an athlete is diagnosed with 
SRC, anticipatory guidance should be provided. It is not atypical for signs, symp-
toms, and testing to normalize by the time that an office visit takes place [12]. In this 
case, the visit should focus on establishing a plan for safe return to school and sport.

 Return to Participation (RTP) Protocols

The process of return to participation (RTP) is completed with a stepwise progres-
sion. After a brief period of initial rest following the injury (approximately 
24–48 hours), athletes can be encouraged to become gradually more active while 
staying below a symptom-reproducing threshold. Preliminary data suggest that 
early subthreshold aerobic exercise prescribed to symptomatic adolescent males 
within 1 week of SRC has the potential to prevent delayed recovery and may also 
accelerate the overall recovery [13]. There are approximately six stages of the RTP 
protocol:

• Stage 1: goal is for the athlete to undergo symptom limited activity, which 
includes a gradual reintroduction of school and work-related activities.

• Stage 2: light aerobic exercise that is done at submaximal exertion with the goal 
of increasing heart rate. No resistance exercises should be incorporated at this 
time. Examples of light aerobic activity include walking or stationary bike for no 
more than 10 minutes at an intensity of 70–80 revolutions per minute (RPM).

• Stage 3: may not begin until the athlete is asymptomatic. Sport-specific activity 
such as skating in ice hockey and running in soccer or football with the goal of 
adding movement. There is no head impact activity or resistance training 
permitted.
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• Stage 4: athlete is permitted to do progressive resistance training. The athlete 
may also participate in noncontact training drills such as passing drills in ice 
hockey or football. The goal of this stage is to promote exercise while increasing 
coordination and thinking.

• Stage 5: athlete is permitted to do supervised full contact training, with the goal 
of restoring confidence and providing a means for coaching staff to assess func-
tional skills. During this full contact training, the athlete is permitted to do all 
normal training activities.

• Stage 6: Return to full participation and normal game play.

For each stage of the protocol, there should be at least 24 hours between the steps 
in progression. If at any stage the symptoms worsen during the physical activity, the 
athlete should return to the previous stage. The athlete may then attempt to progress 
only if symptom free for a 24-hour period at the lower stage. Using this protocol, it 
takes an athlete a minimum of 1 week to return to full participation once asymptom-
atic at rest. Athletes who continue to suffer persistent symptoms and inactivity may 
take longer than 24 hours with each stage due to limitations in physical condition-
ing [14].

 Return to Learn Protocols

Return to learn (RTL) is an important portion of concussion management and there 
is no standardized protocol of school accommodations that can be provided to 
teachers, professors, and school administrators. The 2017 Berlin Concussion in 
Sport Group Consensus Statement recommends that athletes “should not return to 
sport until they have successfully returned to school” [14]. Currently, students are 
provided with a list of school accommodations from their physician that can be 
given to school administrators and disseminated to all teachers and professors. Part 
of facilitating communication and transition back to school involves obtaining con-
sent between medical and school teams. Accommodations are given with instruc-
tions to incorporate as necessary. These depend on the athlete’s course of symptoms, 
academic demands, and preexisting medical conditions (learning disability, mood 
disorder, or ADHD). The accommodations include the following:

• Extended time on exams/quizzes
• Permission to record lectures/note-taking assistance
• Exams/quizzes in a quiet location
• Absence from class due to scheduled rest periods
• Limit to one exam per day
• Limit the use of electronic screen or adjust screen settings
• Allow the use of headphones or ear plugs to reduce noise sensitivity
• Allow sunglasses or hats to reduce light sensitivity
• Frequent breaks from class, if symptomatic
• Due dates/assignment extensions
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• Late arrival or need to leave, prior to the end of class (to avoid crowded hallways)
• Avoid busy, loud, or crowded environments (hallways, lunchroom, assemblies, 

music room)
• Use of a reader for exams/quizzes
• Defer exams/quizzes

Many athletes recover quickly enough to return to the classroom with no or brief 
adjustment of academic activities. Schools should be prepared to provide additional 
support in case recovery takes longer. Athletes who suffer from persistent symp-
toms should be given an individualized RTL plan that allows for symptom limited 
activity.

 Referral and Management

Multiple symptoms can result from SRC, particularly related to the cervical 
spine and vestibular system. Most athletes who suffer SRC recover within 
10–14 days. However, persistent symptoms are defined as greater than 4 weeks 
in children and greater than 10–14 days in adults [14]. Prolonged symptoms may 
result from a primary persistent change in brain function or represent confound-
ing processes, including headache syndromes, depression, and/or oculomotor or 
vestibular dysfunctions that do not necessarily reflect an ongoing physiological 
injury to the brain. Psychiatric comorbidities particularly indicate the risk of 
persistent concussion symptoms and may increase the magnitude of symptoms 
reported.

Athletes who experience symptoms that are considered persistent or have impair-
ments on physical examination related to the injury may benefit from specific reha-
bilitation programs. For athletes who have persistent symptoms associated with 
physical deconditioning or autonomic instability, an individualized symptom lim-
ited aerobic exercise program should be instituted. The Buffalo Concussion 
Treadmill Test (BCTT) is a standardized graded aerobic exercise test that can reli-
ably detect physiological dysfunction in athletes with persistent postconcussive 
symptoms and quantify exercise capacity to guide treatment [15].

Tilt table testing can also be used to identify autonomic dysfunction in athletes 
with persistent lightheadedness or vertigo [16]. However, its utilization in the clini-
cal setting is unclear, as there are other simple measures such as orthostatic intoler-
ance or heart rate variability that can be used [17].

There has been evidence of demonstrated benefit with targeted multifaceted 
physical therapy programs, particularly in patients with cervical spine and/or ves-
tibular causes of symptoms [18]. Athletes with persistent mood or behavioral symp-
toms should be referred for cognitive behavioral therapy (CBT). A mixed SRC and 
non-SRC adolescent cohort provided preliminary support for the role of CBT in the 
management of persistent postconcussive symptoms [17].

Despite widespread use, there is currently no compelling evidence to support 
the use of pharmacotherapy such as amantadine or peripheral nerve blocks in the 
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treatment of persistent postconcussion symptoms. However, a retrospective study 
demonstrated that amitriptyline was an effective treatment and was tolerated well 
in patients with posttraumatic headaches. In this study, female patients were more 
likely to report posttraumatic headaches, and amitriptyline was found to reduce 
headache symptoms in 82% of patients [19].

There is evidence that some nutraceuticals may protect or reduce recovery time 
from concussion in animal models. Vitamin D, omega 3 fatty acids, certain B vita-
mins, progesterone, and N-methyl-D-aspartate (NMDA) have been investigated. 
However, there has been no human evidence to show reduced recovery time or 
protective effect with these agents [4]. Enzogenol®, an antioxidant extracted from 
the bark of Pinus radiata trees, has shown promise as a nutraceutical in the treat-
ment of postconcussion symptoms. Specifically, those individuals who underwent a 
6-week Enzogenol supplementation reported reduced mental and physical fatigue 
and these reports were supported by reduced mental fatigue measures on electroen-
cephalograph (EEG) [20]. If pharmacotherapy or nutraceuticals are begun during 
the management of SRC, a decision should be made regarding return to play while 
an athlete is still taking the medication by the treating physician. This is particularly 
important because the medication may be masking or modifying certain SRC symp-
toms [17, 18].

Screening neuropsychological testing is often used in the acute setting, and a 
formal neuropsychological assessment is used when an athlete suffers from per-
sistent symptoms. Paper-and-pencil neuropsychological testing has been used 
with a variety of test batteries that measure multiple aspects of memory (new 
learning), cognitive processing speed, working memory, attention, and executive 
functions. Although the validity of the tests has been well documented, most stud-
ies have not demonstrated that paper-and-pencil neuropsychological tests can 
detect concussion once players are asymptomatic [21]. The tests are extensive and 
thorough but have increased the cost of administration and interpretation. They 
are also not ideal for serial use, as a great amount of time is required by the athlete 
and neuropsychologist. Computerized neuropsychological testing is efficient in 
the sports medicine setting and useful for serial testing. There are five computer-
ized neuropsychological tests that are available for evaluation of sport-related 
concussions: Immediate Post- Concussion Assessment and Cognitive Testing 
(ImPACT), Automated Neuropsychological Assessment Metrics (ANAM), 
CogSport/Axon Sports Computerized Cognitive Assessment (CCAT), and 
Headminder Concussion Resolution Index (CRI).

ImPACT is a computerized neuropsychological test that was developed to assess 
symptoms in addition to cognitive domains such as attention span, working mem-
ory, response variability, nonverbal problem-solving, reaction time, and sustained 
and selective attention. Composite scores are calculated for visual memory, verbal 
memory, reaction time, impulse control, and processing speed. While it is widely 
used for baseline testing and in the assessment and management phases of concus-
sion, there are limitations. There is varying test-retest reliability, which can be influ-
enced by the athlete’s testing environment and level of academic achievement [22]. 
Other factors that also influence the testing include gender, level of alertness, effort, 
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and prior testing [23]. In general, testing should not be repeated multiple times in a 
short time span.

ANAM was developed for serial testing and precise management of cognitive 
function in the US military. However, a sports medicine battery evolved and includes 
the assessment of concentration (code substitution and continuous performance 
test), attention (continuous performance test), mental processing (code substitution- 
delayed), mental processing speed and efficiency (mathematical processing), reac-
tion time (simple reaction time), and visual memory (match to sample). Several 
studies have shown that ANAM has consistent correlations with traditional neuro-
psychological tests, which suggest adequate concurrent validity [21, 24, 25].

The CogSport Axon Sports CCAT is designed to keep the athlete motivated by 
being brief. It focuses on the speed and accuracy to detect changes in cognitive 
measures. The four included tests are processing speed task, learning task, working 
memory task, and attention task. The test developer recommends baseline testing be 
performed once a year or before each contact sport season. The developer also rec-
ommends using this test more often if an athlete sustains a concussion or is going 
through a period of maturation. This test has been shown to have clinical utility and 
sensitivity, as 70.8% of concussed patients in a cohort study showed a decline from 
baseline in one or more tests while symptomatic [17, 26].

The Headminder CRI is composed of six subtests to measure visual recognition, 
speed of information processing, and reaction time. The subtests include the reac-
tion time subtest, cued reaction time subtest, animal decoding subtest, visual recog-
nition 1, visual recognition 2, and symbol scanning. This has been shown to have a 
sensitivity of 78.6% for detecting concussion at 24 hours, compared to 68% for 
self-reported symptoms and 43% for paper-and-pencil tests [27].

Computerized neuropsychological test results should be interpreted by the treat-
ing clinician and serve as a single component of concussion management in addi-
tion to the athlete’s entire clinical presentation [11]. Formal neuropsychological 
testing can identify persistent brain function deficits in athletes following SRC and 
can impact the determination of limitations and cognitive capacity with schoolwork. 
However, there are limited data on the utility of formal testing with athletes who 
suffer from persistent symptoms and further studies are needed [4]. Overall, athletes 
with persistent symptoms should be managed in a multidisciplinary setting by 
healthcare providers (primary care sports medicine neurology, neuropsychology, 
psychiatry, rehabilitation medicine) with experience in SRC [17, 26].

Other measures have evolved as potentially useful tools; however, they are 
largely still used in research settings. Virtual reality (VR) has also recently gained 
attention as a possible neurological assessment tool to detect deficits in balance, 
spatial memory, immediate memory, delayed recall, and reaction time (Fig. 21.2). 
The conceptual origins of neurological behavior testing arose in response to behav-
ioral and neurocognitive dysfunction seen in war veterans by Luria, and has since 
been developed with advances in technology as a way to score and monitor deficits 
[28]. While this modality proves to have potential in diagnosing concussion and 
identifying specific deficits, it has only been used in research and has not yet been 
standardized for clinical use.
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The role of biomarkers (saliva, cerebrospinal fluid, blood) in the diagnosis of 
concussion is under active investigation, given their potential for predicting the 
pathophysiology and neurobiological recovery. The overall evidence of using fluid 
biomarkers for diagnosis of SRC is low, as more research is needed to determine 
their clinical utility. There is also currently no evidence to support genetic testing as 
a tool for the evaluation and management of athletes with SRC [29].

Structural imaging techniques, such as magnetic resonance imaging (MRI) or 
computed tomography (CT), have limited value in athletes with persistent postcon-
cussive symptoms. However, advanced imaging techniques, such as quantitative 
EEG, magnetic resonance spectroscopy (MRS), diffusion tensor imaging (DTI), 
and functional MRI (fMRI), have shown changes in brain activation patterns in 
athletes with persistent symptoms. These findings are shown, even after the athlete 
has returned to sport and recovered clinically. However, the clinical significance of 
these findings is yet to be determined. Thus, the use of advanced neuroimaging in 
the research setting should continue to be encouraged to provide further understand-
ing about the etiology of persistent symptoms [17, 26].

 Long-Term Follow-Up/Assessment

Studies pertaining to the long-term consequences of exposure to recurrent head 
trauma are inconsistent. There is much to learn about the possible cause and effect 
relationship between repetitive head trauma and concussions. Subconcussive head 
impacts, which are defined as transfers of mechanical energy to the brain causing 
axonal or neuronal damage in the absence of clinical signs or symptoms, have been 

Fig. 21.2 Example of a 
virtual reality setup
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associated with neurologic disorders including chronic traumatic encephalopathy 
(CTE). CTE is a distinct tauopathy with an unknown incidence in athletic popula-
tions. There has been no concrete relationship demonstrated between CTE and SRC 
or exposure to contact sports. More research is needed to understand the prevalence, 
incidence, risk factors, protective factors, and clinical diagnostic criteria as well as 
the extent of neuropathological progression [14].

The short- and long-term effects of repetitive head impacts cannot be character-
ized using current technology. Future research will focus on developing technolo-
gies that can assess any brain changes after repetitive asymptomatic head trauma 
[4]. Although current impact sensors indirectly monitor linear and angular accelera-
tion forces to the head, they may not consistently record forces transmitted to the 
brain. Current impact measures are a poor predictor of SRC, as some athletes expe-
rience no symptoms with high forces and others suffer a concussion with lower 
impact forces [30]. Thus, impact monitors are currently only a research tool and 
require additional study.

A prior history of SRC, participation in collision sport, and being female are 
considered risk factors for SRC. History of multiple SRCs is associated with more 
emotional, cognitive, and physical symptoms, prior to participation in a season. 
Currently, the most consistent predictors of slower recovery from SRC are the initial 
severity and number of symptoms within the first few days of the injury. Having a 
low level of symptoms on the first day after the injury is a positive prognostic indi-
cator [14]. For most injured athletes, symptoms improve rapidly during the first 2 
weeks after injury. Recent studies have reported longer recovery times, but this may 
have been influenced by ascertainment bias as well as increased adoption of gradu-
ated RTP protocols [14].

According to the 2017 Concussion in Sport Group (CISG) consensus statement, 
it is reasonable to say that clinical recovery takes place within the first month of 
injury for most athletes. Children, adolescents, and young adults with a pre-injury 
history of migraine headaches or mental health disorders are at risk of suffering 
from symptoms for more than 1 month, while those with history of ADHD or learn-
ing disability are not. However, athletes with history of ADHD may need different 
planning and intervention strategies when returning to school. One concern is the 
fact that neurobiological recovery may extend beyond 1 month in some athletes 
[14]. Recent studies have suggested that physiological recovery could exceed the 
time of clinical recovery, which could lead to an athlete returning to play while still 
having ongoing brain dysfunction. This highlights a significant challenge to the 
clinician, who needs to be mindful of the potential risks of returning athletes to sport 
too early. It also brings and highlights some limitations with current clinical practice.

 Issues and Drawbacks from Current Practice

Rule changes have taken place in the sports of ice hockey and American football 
with efforts to reduce SRC. The Ice Hockey Summit III recently provided updates 
regarding SRC in ice hockey and discussion on rule changes. In June 2011, USA 
Hockey approved a rule that banned body checking in youth hockey until the 
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bantam level (ages 13–14). Subsequently in September 2013, Hockey Canada also 
announced a body checking ban in the peewee youth hockey (ages 11–12). 
Implementing these bans in the USA and Canada has reduced the incidence of SRC 
in peewee hockey by 67% [31]. The American Academy of Pediatrics (AAP) has 
also recommended restricting body checking in boys’ youth ice hockey to the high-
est competition levels (Tier 1, Tier 2, AA, AAA), starting no earlier than 15 years of 
age. Furthermore, the AAP has recommended reinforcement of boys’ youth ice 
hockey rules to prevent body contact from behind (especially into or near the 
boards), strict enforcement of zero-tolerance rules against any contact to the head, 
and a continued emphasis on coaching education to prevent body contact from 
behind [32].

In American football, kickoff rule changes at the collegiate and professional 
level have taken place recently. At the collegiate level before the 2012 season, kick-
offs were moved from the 30-yard line to the 35. The starting position of the team 
receiving a touchback was also moved from the 20-yard line to the 25. In 2016, the 
Ivy League passed a conference-specific rule change that moved the kickoff line 
from the 35-yard line to the 40. With this rule, the team who received a touchback 
would start from the 20-yard line, instead of the 25. The intent of this rule was to 
have more kickoffs land in the end zone and reduce the likelihood of the receiving 
player in advancing the ball. However, there was a possibility that the movement of 
the touchback line would lead receivers to try and advance the ball, even when 
kicked into the end zone. A before-after study took place that examined the annual 
concussion rates before and after this rule, change was implemented. The mean 
annual concussion rate per 1000 kickoff plays was 10.93, prior to the rule change 
and 2.04 after. Although results of this study may not be generalized beyond the Ivy 
League, it does provide insight for further consideration of kickoff rule changes in 
all collegiate conferences [33].

The National Football League (NFL) also moved the kickoff line from the 
30-yard line to the 35 in 2011. In 2018, further kickoff rule changes included mul-
tiple changes for blocking and line-up locations for the kicking and receiving teams 
(Fig. 21.3). These current rule changes are still in effect and include the following:

• The kickoff team must have five players on each side of the ball and cannot line 
up more than one yard from where the ball is kicked.

• On each side of the ball, at least two of the players must be lined up outside the 
yard line number and at least two players between the yard line number and 
inbound lines.

• For the receiving team, eight players must be lined up in the 15-yard setup zone 
(15 yards away from where the ball is kicked) and three players are permitted 
outside this setup zone.

• Double team blocking can only be performed by members of the receiving team 
located in the setup zone at the time of kick.

• Wedge blocks (two or more players intentionally aligning shoulder-to-shoulder 
within two yards of each other, and who move forward together with the purpose 
of blocking for the runner) are not allowed.
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• No player from the kicking or receiving team can block within the 15-yard area 
from the kicking team’s restraining line, until the ball is touched or hits the ground.

• A touchback is called if the ball is not touched by the receiving team but touches 
the ground in the end zone.

A major limitation with current clinical practice includes inconsistencies with 
symptom reporting in athletes who suffer SRC. At the high school level, access to 
athletic trainers can vary, and athletes without access to athletic trainers tend to have 
lower knowledge of SRC symptoms. Furthermore, these athletes may report their 
symptoms to a head coach, which is different to reporting to a medical professional. 
It has also been found that increased knowledge does not necessarily lead to 
increased reporting behaviors. Many athletes fear that coaches will remove them 
from a starting position if they report symptoms. Other reasons for not reporting 
symptoms include not wanting to lose playing time, fear of letting their team down, 
and feeling that an injury is not serious enough to require medical attention [34].

At the collegiate level, many athletes have a basic understanding of SRC but still 
fail to identify all the signs and symptoms. Many athletes also continue participat-
ing in practices and games after sustaining a possible injury, which suggests a 
potential lack of understanding of the consequences of SRC. Both female and male 
athletes have had decreased reporting of symptoms due to not knowing if an injury 
was a SRC or not believing SRC to be serious [35]. Male athletes have been shown 
to report less symptoms in comparison to female athletes. Reasons for this discrep-
ancy include not wanting to let their team down in addition to male athlete identity, 
stigmas, and perceived perceptions of coaches and teammates [35].

Fig. 21.3 Diagram of NFL kickoff rules
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Previous experience with concussion (i.e., a greater number of previous concus-
sions) has been shown to negatively impact athlete disclosure of and attitude toward 
concussion. This may stem from prior experience of being removed from play or 
from the way that previous concussions were managed. Attitudes may also be driven 
from perceptions of social, school, or team environment norms. Thus, addressing 
negative attitudes to concussion may help in improving disclosure in young ath-
letes [36].

Policy changes that have taken place to reduce the health impact of SRC include 
prevention, education, and rule change programs. The Centers for Disease Control 
and Prevention (CDC) Heads Up (HU) program was introduced as an educational 
outreach program, with the goal of improving player safety for youth and high 
school players (Fig. 21.4) [37]. As part of this program, coaches are trained and 
certified on safety fundamentals, including proper tackling techniques, ensuring 
appropriate equipment fitting, and teaching others involved in football (other 
coaches, players, and parents) on how to recognize and respond to injuries. 
Additionally, parents, officials, and other athletes have access to the CDC’s HU 
program to protect athletes from concussion or serious brain injury by learning how 
to spot a concussion and knowing what to do if a concussion takes place. In May 
2009, the state of Washington passed the “Zackery Lystedt Law” to address concus-
sion management in athletes, and this was the first state law to require a “removal 
and clearance to return to play” among youth athletes. According to the Centers for 
Disease Control and Prevention (CDC), all 50 states now have a return to play law.

A prospective cohort study that took place during the 2015–2016 high school 
football season evaluated the impact of the HU program on SRC incidence. The 
SRC incidence of 14 high school teams with one coach who underwent training in 
the HU program (HU programs) was compared to 10 control teams who did not 
have training in the HU program (non-HU programs). The HU programs demon-
strated a 33% lower concussion rate and 27% faster return to participation in com-
parison to the non-HU programs. However, limitations of this study were the 
nonrandomized assignment to each group and the fact that team sizes in the non-HU 
programs were smaller than the HU programs. Exact game exposures were also not 
available and specific SRC game incidence rates could not be created [38]. Larger 
studies with equal sample sizes over longer periods of time are needed to provide 
more data on the impact of HU programs with SRC incidence.

Despite access to the CDC’s HU program, not all collegiate coaches receive 
basic training regarding SRC. In a cross-sectional online survey, two-thirds of US 
collegiate coaches reported receiving instructional material about concussion from 
their respective institutions. The material typically contained information about 
symptoms and proper management of concussion. This survey also contained a test 
that assessed the overall general knowledge regarding SRC of the coaches. Female 
coaches of noncontact or collision teams more frequently answered correctly in 
comparison to male coaches of male contact or collision teams [39]. This is con-
cerning but not surprising as qualitative evidence has shown that in Division I foot-
ball programs (all of which are coached by men), competitive pressures can lead to 
a conflict of interest in the care of concussed athletes [40].
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Fig. 21.4 CDC’s Heads Up concussion initiative
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Clinical testing for concussion also has its limitations, including reliance on the 
subjective nature of athlete reported symptoms, variability of presentation, and 
varying sensitivity and specificity of sideline assessment tools. It is also difficult for 
healthcare providers to establish a timeline of recovery after SRC. Suboptimal neu-
ropsychological testing, as well as the lack of a gold standard diagnostic tool, limits 
the clinician’s ability to make this determination. As mentioned previously, physi-
ological recovery may continue after clinical recovery has taken place. Modalities 
that provide insight into physiological recovery include fMRI, MRS, DTI, cerebral 
blood flow (CBF), electrophysiology, fluid biomarkers, heart rate, measures of exer-
cise performance, and transcranial magnetic stimulation (TMS). However, at this 
time, these modalities are not used clinically but are available for use in the research 
setting. Going forward, it is recommended that studies are designed longitudinally 
and follow both clinical and physiological recovery. This may help with correlating 
neurobiological modalities with clinical measures and allow clinicians to better 
treat athletes suffering from SRC.
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