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Abstract Mild traumatic brain injury (mTBI) manifests a
wide array of clinical features, indicating great heterogeneity
of its underlying pathologic features. mTBI diversity is re-
lated to pre-injury inter-individual differences and differen-
ces in the characteristics of each injury. This review
summarizes key features of mTBI patients, their injuries
and outcomes to give context to the scope of complexity
inherent in this disorder. These differences are underscored
by heterogeneity in postmortem pathology and in vivo im-
aging studies. Recognition, understanding and accounting
for disease heterogeneity in mTBI are needed to enhance
diagnosis and patient management, as approaches that do not
account for inter-individual variation in pathology and pa-
tient characteristics relevant to real-life clinical trial partic-
ipants, may entirely miss therapeutic targets. Refining our
approach to TBI diagnosis, in light of inter-individual differ-
ences, can facilitate the development of effective prognostic
tools and algorithms. New paradigms, which embrace hetero-
geneity of mTBI, in both preclinical and clinical investigation
as well the appreciation of this variability in clinical care, offer
much promise for enhancing outcomes and mitigating the
burden of mTBI on its victims.
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Introduction

Mild traumatic brain injury (mTBI) manifests as a wide
array of clinical features, indicating great heterogeneity
of its underlying pathology. Diversity of mTBI should
be expected due to pre-injury inter-individual differences
and differences in the characteristics of each injury. Yet,
studies of mTBI tend to consider groups of patients
meeting certain diagnostic criteria as victims of a mono-
lithic disease process. The myriad candidate mechanisms
implicated in the pathogenesis of TBI provide a strong
basis for the variable manifestations of injury pathology
observed in vivo with imaging studies and at autopsy. A
central clinical dichotomy dramatically underscores the
variability seen in mTBI patients: most patients experi-
ence excellent recovery after mTBI, with no persistent
clinical evidence of injury, while approximately 30 %
suffer persistent and often life changing clinical sequel-
ae (Alexander 1995). The striking difference in outcome
between this “miserable minority” and the fortunate ma-
jority who do extremely well implicates significant dif-
ferences between mTBI patients. The study of mTBI is
further encumbered by its various definitions (Table 1);
for example, the definition of post-concussive syndrome
differs between the ICD-10 and DSM-IV (Barlow et al.
2010; Ruff 2011; Yeates 2010). This review will sum-
marize key features of mTBI patients, their injuries and
outcomes to give context to the scope of the complexity
inherent in this disorder. Recognition, understanding and
accounting for disease heterogeneity in mTBI are need-
ed to enhance diagnosis and patient management. Fur-
thermore, as recent reports have identified patient selection
as a potential explanation for failure of most recent treat-
ment trials in TBI (Margulies and Hicks 2009), disease
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Table 1 Various definitions for mTBI and synonyms thereof (mild
head injury, mild closed head injury, and concussion) and salient
features of each definition. Note that some choose to sub-classify
mTBI according to severity or risk (Carroll et al. 2004; Esselman and

Uomoto 1995; Kelly and Rosenberg 1997; McCrory et al. 2009;
Servadei et al. 2001; Shukla and Devi 2010; Vos et al. 2002; Williams
et al. 1990) min. = minutes; h = hours

Organization

Term and definition Unique features of definition

Mild Traumatic Brain
Injury Committee of
the Head Injury
Interdisciplinary Special
Interest Group of the
American Congress of
Rehab Medicine (1991)

Centers for Disease Control
and Prevention

WHO Collaborating Centre
for Neurotrauma Task
Force on MTBI

Neurotraumatology
Committee of the World
Federation of
Neurosurgical
Societies

European Federation of
Neurosurgeons

Williams et al. 1990

Mild Traumatic Brain Injury: * Broad definition

At least one of the following criteria:

Any period of LOC <30 min. and GCS 13-15 after this period of LOC

Any loss of memory for events immediately before or after the accident,
with PTA <24 h

Any alteration of mental state at the time of the accident

Focal neurological deficit that may/may not be transient

* Does not identify subgroups

« Includes persistent neurological
deficits

Mild Traumatic Brain Injury: * Broad definition
GCS 13-15
One or more of the following conditions subsequent to brain injury:

1. Transient confusion, disorientation or impaired consciousness

* Does not identify subgroups
* Does not specify duration of PTA

2. Amnesia near time of the injury
3. LOC <30 min.
4. Neurological or neuropsychological problems (seizures, irritability,
lethargy, vomiting, headache, dizziness, fatigue or poor concentration)
Mild Traumatic Brain Injury: * Broad definition

Acute brain injury resulting from mechanical energy to the head from
external physical forces. Criteria for definition include:
One or more of the following:
1. Confusion or disorientation
2. LOC <30 min.

3. PTA <24 h

4. Other signs of transient neurological abnormalities (focal signs, seizure,
intracranial lesion not requiring surgery)

And:
GCS 13-15 after 30 min. post-injury or later

* Does not identify subgroups

* Describes neurological
abnormalities as ‘transient’ only
* Excludes cases where
manifestations
might be due to other causes

**Manifestations of mTBI must not be due to drugs, alcohol, medications,
other injuries or treatment for other injuries, other problems or penetrating
craniocerebral injury.

Mild Head Injury:  Excludes patients with GCS 13

GCS 14-15 « Includes patients without LOC/PTA
Low Risk: GCS 15, no history of LOC, amnesia, vomiting or diffuse « Considers clinical symptoms, skull
headache fracture, neurological deficits, and

Medium Risk: GCS 15, one or more clinical symptoms (LOC, amnesia, risk factors for risk stratification

vomiting or diffuse headache)

High Risk: GCS 14 or GCS 15 with skull fracture or neurological deficits or
one or more risk factors (coagulopathy, drug or alcohol consumption,
previous neurosurgical procedures, pre-trauma epilepsy, age >60) +/—
clinical symptoms

Mild Traumatic Brain Injury: * Sub-classification according to

Category 0: GCS 15, no LOC, no PTA, no risk factors GCS, LOC, PTA and risk factors

Category 1: GCS 15, LOC <30 min., PTA <1 h, no risk factors (i.e., unclear « Accounts for several pre-morbid
accident history, continued PTA, retrograde amnesia >30 min., trauma
above clavicles, severe headache, vomiting, focal neurological deficit,
seizure, age <2, age >60, coagulation disorder, high-energy accident,
intoxication with alcohol/drugs)

Category 2: GCS 15 and risk factors

Category 3: GCS 13-14, LOC <30 min., PTA <1 h, with or without risk
factors

risk factors

* PTA <1 h (most definitions specify
PTA <24 h)

Closed Head Injury « Distinction between those with

Complicated Mild Closed Head Injury:
Initial GCS 13-15

@ Springer

imaging findings secondary to
trauma and those without
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Table 1 (continued)

Organization Term and definition Unique features of definition

Imaging evidence of focal brain lesion, depressed skull fracture, or both
Uncomplicated Mild Closed Head Injury:
Initial GCS 13-15

Normal CT scan and either a normal skull x-ray or an
abnormality limited to a linear or basilar skull fracture

American Academy of Concussion:
Neurology, Colorado Grade 1:
Me.d 1ce.11 Society 1. Transient confusion
Guidelines
2. No LOC

3. Concussion symptoms or mental status abnormalities

on examination resolve in <15 min.
Grade 2:
1. Transient confusion
2. No LOC

* Sub-classification according to
presence of LOC and duration of
concussion symptoms

* Does not specify GCS
* Does not specify duration of LOC

3. Concussion symptoms or mental status abnormalities

on examination last >15 min.
Grade 3:
Any LOC, either brief or prolonged

Concussion in Sports Concussion:

Group (2009)

Complex pathophysiological process affecting the brain, induced by
traumatic biomechanical forces. These features include:
1. May be caused by either direct blow to the head, face neck or elsewhere

* Includes mechanism of injury as
part of definition

 Excludes cases with abnormalities
on neuroimaging

on the body with an “impulsive” force transmitted to the head

2. Typically results in the rapid onset of short-lived impairment of
neurologic function that resolves spontaneously

3. May result in neuropathological changes but the acute clinical symptoms
largely reflect a functional disturbance rather than a structural injury

4. Results in a graded set of clinical symptoms that may or may not involve
LOC. Resolution of the clinical and cognitive symptoms typically
follows a sequential course however it is important to note that in a small
percentage of cases, post-concussive symptoms may be prolonged

5. No abnormality on standard structural neuroimaging studies

heterogeneity must be acknowledged in order to advance
treatment.

The substrate: preinjury factors

Premorbid factors including, but not limited to age, gender,
1Q, socioeconomic status, ethnicity, education, genotype, psy-
chiatric history, prior head injury, substance abuse and anthro-
pometrics vary greatly across mTBI patients. Thus, the unique
features of each injury (see: THE INJURY, below) are super-
imposed on a unique substrate, lending a unique signature to
the ultimate clinicopathological endpoint of each mTBI

Age contributes to variable mTBI outcomes

mTBI prevalence has a bimodal distribution, with peaks at
15-24 and in those older than 65 (Abdel-Dayem et al.

1998; Kraus and Nourjah 1988; Mosenthal et al. 2004;
Shukla and Devi 2010; Stapert et al. 2006; Sterr et al.
2006). Children and young adults have longer recovery
times (Field et al. 2003) and are more likely to exhibit
persistent symptoms (Blinman et al. 2009; Grady 2010;
Maddocks et al. 1995) than older adults. Moreover, the
effects of repeat concussion on executive function are more
pronounced in younger than in older athletes (Wall et al.
2006; Zappala et al. 2011). Even among children, age
influences outcomes. Taylor et al. showed that in the after-
math of mTBI, older children are more likely to have
higher self-ratings of cognitive post-concussive symptoms
(PCS) than are younger children (Taylor et al. 2010). In 18-
year-olds with remote history of head injury, Teasdale
showed that history of a single, mild head injury portends
poor performance on cognitive testing only when concus-
sion was sustained between the ages of 12—17, but not
younger (Teasdale and Engberg 2003).
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Several hypotheses have been advanced to explain in-
creased vulnerability to mTBI in the young, including in-
complete myelination, greater head-to-body ratio, and
thinner, more compliant cranial bones (McKeever and
Schatz 2003; Niogi and Mukherjee 2010). The developing
brain is also more sensitive to glutamate-mediated N-
methyl-d-aspartate (NMDA) excitotoxic brain injury, and
may therefore be at greater risk from excitatory amino acid
surges, which occur after TBI (Grady 2010; Field et al.
2003). Cerebral swelling is more diffuse and prolonged in
children, precipitating ischemia and intracranial hyperten-
sion (Field et al. 2003; Meares et al. 2008; Niogi and
Mukherjee 2010). Finally, childhood concussion might lead
to impaired plasticity and development (Meares et al. 2008;
Zappala et al. 2011).

Elderly TBI patients suffer worse outcomes after TBI in
general and mTBI in particular (Stapert et al. 2006; Mosenthal
et al. 2004; McCauley et al. 2001). Those over 65 are more
likely to develop traumatic hematoma, have longer hospital
stays, be permanently disabled and have lower Functional
Independence Measure and Glasgow Outcome Score Extend-
ed (GOSE), (Stapert et al. 2006; Mosenthal et al. 2004;
Vickery et al. 2008; Jacobs et al. 2010). Patients over 50 with
diffuse axonal injury (DAI) demonstrate poorer outcomes
(Cordobes et al. 1986). Old age is a risk factor for delayed
return to work after mTBI (Paniak et al. 2000) and is an
important determinant of the effects of alcohol on mTBI out-
comes (Allen et al. 2009). Age-based variation in outcomes
implicates age-based variation in mTBI pathology, which
must be carefully considered.

Women suffer more (or say more?) after mTBI

Women have greater likelihood of persistent post-concussive
syndrome (Meares et al. 2008) at 1 month (Bazarian and
Atabaki 2001), 3 months (Dischinger et al. 2009; McCauley
etal. 2001), and 1 to 5 years after mTBI (Bohnen et al. 1994).
High prevalence of PCS in pediatric and adult women is
particularly true for somatic symptoms (Farace and Alves
2000; Taylor et al. 2010). Men, on the other hand, are less
likely to seek treatment (Demakis and Rimland 2010) and to
report persistent symptoms at 3 months after injury (Bazarian
et al. 2010; Demakis and Rimland 2010) and are more likely
to have returned to work at 3 months after injury (Bazarian et
al. 2010). Women are more susceptible to sports-related con-
cussion than men (Dick 2009) and, in the event of concussion,
are more likely to self-report mild concussive symptoms and
show greater decline from baseline on neurocognitive testing
(Covassin et al. 2006; Grady 2010).

Reporting bias is one explanation for gender differences, as
women report symptoms more readily than men (Bazarian et
al. 2010). However, various aspects of gender differences may
explain outcome differences, including features such as 1Q,
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family function, problem-solving skills, education, employ-
ment and others. Bilaterally distributed brain function, more
common in women, may increase the likelihood that any
cognitive domain will be affected in a woman sustaining
mTBI (Farace and Alves 2000). Reproductive status may
underlay gender differences in mTBI outcomes and may
have important therapeutic implications in the use of pro-
gesterone, for example, as a therapeutic agent in TBI (Stein
and Hoffman 2003).

Baseline functioning: psychopathology, personality traits
and coping

The potentially confounding and compounding effect of pre-
morbid psychiatric disease on mTBI outcome is perhaps best
highlighted by the fact that psychiatric disease is often an
exclusion criterion in studies of mTBI outcome and diagnosis.
Pre-morbid psychiatric disease, however, might increase the
likelihood of an mTBI event (Whelan-Goodinson et al. 2009).
Pre-morbid antisocial personality disorder and conduct
disorder are associated with increased risk for mTBI
(Vanderploeg et al. 2007). Several studies have demonstrated
that pre-morbid psychiatric disease might also increase the
likelihood of adverse outcomes in the aftermath of mTBI. Pre-
injury stress, psychological factors, and psychiatric dis-
ease are significant predictors of post-concussive syn-
drome (Dischinger et al. 2009; Kashluba et al. 2008b; Luis
etal. 2003; McCauley et al. 2001; Meares et al. 2008; Ponsford
et al. 2000) and decreased likelihood to return to work after
mTBI (Vanderploeg et al. 2003). It is possible that pre-injury
psychiatric disease increases the likelihood of post-injury
emergence of PCS and cognitive dysfunction, rather than
entirely accounting for these symptoms. Pre-existing affective
disorder, for example, does not account for subjective
complaints and neuropsychological outcomes after mTBI
(Cicerone and Kalmar 1997; Mooney and Speed 2001).

Personality influences coping mechanisms and thereby
outcomes after mTBI. Overachievers, perfectionists, and
dependent personalities tend to have a more complicated
recovery process (Mooney and Speed 2001). Thus, for
instance, overachievers tend to return to work before suffi-
cient cognitive recovery has taken place, and are more likely
to conceal symptoms from healthcare workers. On the other
hand, other personality types may eschew social and pro-
fessional responsibilities in the wake of the injury (Gronwall
1991). Personality features such as narcissism, borderline
personality trait, perfectionism and dependency can increase
the likelihood of adverse outcomes (Ruff et al. 1996).

A large body of evidence thus implicates pre-injury psy-
chological health in the ultimate outcome after mTBI. These
unique characteristics of the patient need to be considered in
assessing prognosis of mTBI. Additionally, because several
common psychiatric disorders (e.g., depression and anxiety)
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are common consequences of mTBI, the contribution of pre-
injury status to psychiatric outcomes after mTBI must be
considered.

Exogenous influences on heterogeneity: substance use,
abuse, and dependence

More than 1/3 of patients hospitalized with brain injuries are
intoxicated at time of admission and 44-66 % have history of
alcohol abuse (Corrigan 1995; De Guise et al. 2009; Lange et
al. 2007; Tait et al. 2010). Demographic features associated
with alcohol use are also important to brain injury outcomes,
including lower educational attainment and socioeconomic
status, additional substance abuse, psychopathology and prior
head injuries (Corrigan 1995). Alcohol may contribute to the
evolution of mTBI pathology through a variety of mecha-
nisms including hemodynamic and respiratory depression,
increased blood clotting time, blood brain barrier impairment,
cerebral atrophy and increased risk for development of hema-
tomas as well as the increased likelihood of co-morbid psy-
chiatric disease and malnutrition (Allen et al. 2009; Kelly et al.
1997; Lange et al. 2007). Severity and chronicity of alcohol
use, abuse and dependence will vary among patients, further
contributing to mTBI heterogeneity.

Preinjury alcohol use is associated with worse TBI out-
comes, including abnormal CT scan at injury (Ruff et al.
1990) and poorer neuropsychological performance at
1 month and 1 year post-injury (Corrigan 1995). Although
history of alcohol use consistently portends worse outcomes
in mTBI, the literature on intoxication at time of injury is
less conclusive (De Guise et al. 2009; Lange et al. 2007).
Some have suggested that alcohol may be neuroprotective in
the setting of mild, moderate and severe TBI (Jacobs et al.
2010; Tureci et al. 2004), while others report a greater
likelihood of adverse outcome (Corrigan 1995; De Guise
et al. 2009; Kraus et al. 1989; Lange et al. 2007). Family
history of alcohol abuse doubles the incidence of TBI, even
if the patient himself is not an alcoholic. Genetic and person-
ality factors influencing neuropsychological performance, in-
creased injury diathesis, and penchant for alcoholism, such as
impulsivity and hyperactivity, might be at play (Alterman and
Tarter 1985). Post-injury alcohol and substance use also dimin-
ishes recovery, decreases the benefit of rehabilitation efforts,
and increases risk of seizures after mTBI (Kolakowsky-Hayner
et al. 2002).

Co-morbid pre-injury alcohol abuse may be difficult to
disentangle from the effects of other substances (De Guise et
al. 2009). Marijuana is the most commonly reported substance
used by victims of TBI, followed by polysubstance abuse,
cocaine, and heroine (Kolakowsky-Hayner et al. 2002). Pre-
morbid substance abuse is a significant predictor of poor post-
injury living and employment status (MacMillan et al. 2002).
When used shortly before trauma, recreational drugs have

been shown to potentiate neuropsychological impairment fol-
lowing TBI (Kelly et al. 1997). Use of analgesics prior to
injury is associated with increased symptoms at 3 months
post-mTBI, as well as missed work and activities (Bazarian
et al. 2010; Kashluba et al. 2008b).

The association of substance use and abuse with mTBI and
its adverse outcomes is clear and will inevitably lead to
variation in injury severity, likely dependent on the interaction
of exposure severity and other injury and patient factors.
However, the mechanisms underlying this phenomenon are
not clear; it could be due to substance-using patient character-
istics or a direct impact on pathophysiology.

Programmed vulnerability? Genotype and the impact
of the ApoE ¢4 polymorphism

ApoE ¢4 (E4) transgenic mice exhibit greater neuroinflamma-
tion, glial activation and neuronal injury than controls (Zhou et
al. 2008). Sports concussion has been linked to derangements
in the promoter region of APOE (Terrell et al. 2008; Tierney et
al. 2010), supporting the relevance of APOE to mTBI. A robust
literature shows that the E4 polymorphism confers excess risk
of poor outcome after TBI (Ariza et al. 2006; Teasdale et al.
1997; Zhou et al. 2008). Literature on mild TBI is more sparse
and inconsistent, with various studies indicating that E4 confers
no risk (Chamelian et al. 2004; Moran et al. 2009; Sundstrom et
al. 2004), excess risk (Liberman et al. 2002; Moran et al. 2009),
or even protects against adverse mTBI outcomes (Pruthi et al.
2010). The effect of E4 may be related to time after injury;
Moran et al. demonstrated that pediatric mTBI patients with E4
are more likely to have lower acute scores on the Glasgow
Coma Scale (GCS), but ultimately do not differ from controls
in terms of PCS and performance on neuropsychological test-
ing at long-term follow-up and, in fact, those with E4 have
better performance on tests of constructional skill (Moran et al.
2009 Clin 100). These mixed results could be due to method-
ological factors, but also may be a clue to further heterogeneity
in the evolution of mTBI pathology (Moran et al. 2009), which
likely depends on additional, perhaps epigenetic factors.

Resiliency in the face of mTBI: pre-injury intelligence
and brain reserve capacity (BRC)

Reserve capacity describes how well an individual can re-
spond to a neurological insult—whether in terms of physical
brain structure or functional capacity (e.g., cognitive reserve
capacity), that is the efficiency with which an individual
utilizes the neurological substrate (Fay et al. 2010). Pre-
injury intelligence can be estimated using the Wide Range
Achievement Test-Revised (WRAT-R) Reading assessment
(Johnstone et al. 1995), educational attainment or 1Q. The
wide variation among mTBI subjects in education and 1Q
may thus directly impact heterogeneity of cognitive outcomes
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after injury. For instance, pre-injury IQ is a significant predic-
tor of acute concussive symptoms in an adult mTBI popula-
tion (Meares et al. 2008), as well as of PCS at 1 month,
3 months, and 12 months post-injury in a pediatric population
of complicated and uncomplicated mTBI (Fay et al. 2010).
Higher intelligence predicts increased likelihood of return to
full-time work after mTBI (Vanderploeg et al. 2003), and
higher education level is associated with better early function-
al status in the aftermath of mTBI (Vickery et al. 2008). As
with other pre-injury factors, interaction between brain reserve
capacity and other features is also important. For instance, it is
hypothesized that the link between substance abuse and poor
mTBI outcomes is due to drug effects on brain reserve capac-
ity (MacMillan et al. 2002). Variable reserve capacity across
patients will affect outcome directly, as above, but also intro-
duces the possibility that impairment may be missed or mis-
attributed. For example, very high functioning patients may
still excel on testing despite a significant decrement in their
functional capacity.

Repetitive insult: the role of prior TBI on recovery
after subsequent injury

It is widely held that successive brain injuries lead to a
cumulative effect that is greater than would be expected
due to entirely independent injuries. Studies have demon-
strated this effect in terms of both post-concussive syndrome
as well as cognitive outcomes (Ponsford et al. 2000; Teasdale
and Engberg 2003). Prior head injury thus adds an addi-
tional feature to the ultimate variability, which will be seen
when examining pathology and performance after mTBI
(see Baugh et al. 2012). The number, chronicity and fre-
quency of prior injuries remain areas almost entirely unex-
plored, but a potential source of great heterogeneity among
patients.

The impact of multiple injuries is particularly relevant to
sports, where players may experience numerous concussive
and subconcussive injuries over their years of play at a wide
range of intervals and severities. Some sports, such as box-
ing and soccer, may be particularly likely to result in nu-
merous blows to the head and others, such as football and
hockey, may be more likely to entail less frequent, but more
severe impacts. Athletes with history of three or more con-
cussions are more likely than those with no prior history of
concussion to experience acute symptoms of anterograde
amnesia, confusion, and loss of consciousness (LOC) (Collins
et al. 2002), to incur longer recovery times after acute injury
(Covassin et al. 2008; Guskiewicz et al. 2003; Iverson et al.
2004), to suffer worse long-term outcomes (Wall et al. 2006),
to have increased P3 event-related potential latencies to visual
stimuli at chronic time points (Gaetz et al. 2000), and ulti-
mately to experience a repeat concussion (Guskiewicz et al.
2003). As baseline deficits in executive functioning and speed
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of information processing, self-reported symptoms, and learn-
ing disabilities have been shown to be greater among those
with history of two or more concussions (Collins et al. 1999),
individuals experiencing a repeat injury are more susceptible
to PCS and neuropsychological deficits because of differences
in baseline status. An additional source of spurious heteroge-
neity in outcomes may relate to the variable reliability of
symptom reports and cognitive assessments in athletes who
may be highly motivated to minimize displays of impairment
in an effort to return to play. The difficulty may similarly be
pertinent to combat settings.

A conducive setting for recovery? Social and financial
factors

Numerous social factors may intrinsically modulate mTBI
outcomes as well as present, on certain domains, potential
sources for artifact and bias in the assessment of mTBI
patients. Poor social support is a risk factor for persistent
postconcussional disorder and depression 3 months after
mTBI (McCauley et al. 2001) and social support affects
quality of life and likelihood of return to employment 12—
24 months post-TBI (Webb et al. 1995). Underscoring the
protective role of close social support, those who are un-
married are more likely to have persistent symptoms at
3 months post-injury (Ponsford et al. 2000). Patients with
chronic symptoms after mTBI have experienced twice as
many adverse life events as have those with remission of
symptoms (Fenton et al. 1993) and patients with history of
pre-injury life stressors are more likely to have more severe
symptoms at 3 months after mTBI (Kashluba et al. 2008b).
Social support is particularly important in children, for
whom pre-injury family functioning has been shown to
affect outcomes in mTBI (Yeates 2010).

Race and ethnicity are related to mTBI outcomes as well. In
the United States, mTBI is more common among Native
Americans/Alaska Natives and non-Hispanics than it is
among Hispanics (Bazarian et al. 2003, 2005). Race is an
important factor in return-to-work outcomes (Vanderploeg et
al. 2003), as is ethnicity, with Hispanics less likely to develop
persistent postconcussional disorder (McCauley et al. 2001).
Although minority status has not been shown to impact re-
covery in terms of mobility and daily living, it has been shown
that, in the long-term, minorities have more difficulty with
community re-integration (Rosenthal et al. 1996).

Economic status is important to outcome after TBI. Those
unable to afford healthcare report lower quality of life and less
improvement in functional independence at 12-24 months
post-injury (Webb et al. 1995). In a study comparing mild,
moderate and severe TBI outcomes between high-income and
low- and middle-income countries (LAMIC), outcomes after
severe TBI were better in high-income countries, but mild and
moderate TBI resulted in less post-injury disability in
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LAMIC. This might be explained by the absence or lesser
extent of social welfare programs in LAMIC, so that individ-
uals are more inclined to return to work even if not medically
prepared to do so (De Silva et al. 2009). Financial issues are
also important insofar as they pertain to secondary gain (dis-
ability, litigation, workman’s compensation), as it might alter
the validity of post-injury functional assessment (Binder et al.
1993; Suhr et al. 1997). However, other studies have found
that the effect size of litigation on persistent symptoms is not
eliminated when symptom validity indices are applied
(Belanger et al. 20055 clin 126), or that there is no association
between involvement in litigation, receipt of insurance pay-
ments and persistent PCS at 3 months post-injury (Bohnen et
al. 1994; McCauley et al. 2001). Reports on secondary gain
have principally addressed the possibility that outcome assess-
ments might not accurately reflect true functional capacity. We
can also question whether the stress of involvement in litiga-
tion and other socioeconomic issues during the acute and
subacute periods after mTBI adversely impact recovery
or the evolution of secondary injury, even at the level of
pathophysiology. Further specific study would be required to
address this possibility.

Target of impact: anthropometric features underpin
biomechanical heterogeneity

Differences in the anatomy and biomechanics of the human
skull and brain add additional inter-individual differences
which can impact injury severity and extent. Studies
attempting to determine impact thresholds for concussion,
based on variables such as angular acceleration, linear ac-
celeration, location of impact and impact duration are based
on study of uniform models, either anthropomorphic test
dummies, human head and neck models (Kleiven 2003;
Newman et al. 2000; Pellman et al. 2003) or averaged
variables across a population of players in a particular sport
(Greenwald et al. 2008; Pellman et al. 2003; Reed et al.
2010). However, it is precisely differences in anthropometry
that can affect the biomechanics of a concussion and create
variability of mTBI. For example, the infant skull differs
from that of the adult in that it is made of multiple plates,
with open sutures that close at various time-points. The
majority of skull mass is not attained until 5 years of age
(Yoganandan et al. 2009). Larger brains are more vulnerable
to injury at lower levels of angular velocity and acceleration
(Ommaya et al. 2002), and the presence of atherosclerosis
can promote tearing of vascular structures (King et al.
2011). Head impact studies conducted using 5th, 50th and
95th percentile Hybrid III dummies have demonstrated dif-
ferent injury criteria values depending on dummy percentile,
further highlighting the importance of individual differences
in head size to the biomechanics of head injury (Derosia et
al. 2004). In the sports literature, neck thickness has been

shown to be important in determining head acceleration,
change in velocity and displacement during head impact
(Viano et al. 2007). Additionally, certain brain structures
are particularly susceptible to TBI. Frontal and temporal
white matter, fornix, midbrain, hippocampus, corpus cal-
losum and thalamus are thought to be vulnerable to mTBI
due to their relationship to the bony skull and other neural
soft tissue structures (Bigler and Maxwell 2011; Viano et al.
2005). Ultimately, the combination of a sufficient degree of
force at a particular brain location provides a requisite,
though perhaps indeterminate, threshold for injury. Still,
necessary pathomechanisms (see below) must come into
play for injury pathology to evolve and lead to adverse
functional outcomes.

The insult: variability in injury mechanism,
pathomechanisms and pathologic outcomes

Context and mechanism of injury have important relevance
to pathology and outcome after mTBI. Figure 1 divides the
populations studied in the mTBI literature according to
mechanism of injury, in both adults and children. Between
studies, there is a wide range in proportion of total mTBI
cases attributable to a particular mechanism. Fall, sports
concussion, assault, motor vehicle accident, or combat inju-
ry each represents a unique injury type (Pertab et al. 2009),
and can be further divided into numerous subgroups. For
example, motor vehicle crashes may cause head impact as
well as “whiplash” type acceleration injury without impact;
combat mTBI may entail direct impact to the head as well as
blast overpressure mechanisms of injury among others.
Studies that aggregate multiple subgroups will be insensi-
tive to differences that are a function of mechanism. On the
other hand, studies focusing narrowly on one injury mech-
anism may not be generalizable to other mechanisms. Inter-
subject variation in physical characteristics of the head,
brain and body further multiply the range of possible
brain-level injuries to the point where each patient is likely
to experience a truly unique mechanism of brain injury at
the tissue level.

Research studies typically focus their investigation on a
specific biophysical injury profile. Such approaches are un-
derstandable in experimental studies, where highly reproduc-
ible models are desirable as they allow specific conclusions to
be reached, unimpeached by confounding factors. For exam-
ple, some studies look only at translational acceleration,
whereas others look only at rotational acceleration (Kleiven
2003). However, real-life injuries entail simultanecous and
sequential acceleration in multiple directions and at multiple
angles of rotation. Injuries have also been categorized as
impact versus impulsive, although in real-life, injuries entail
combinations of these mechanisms. During impact loading,
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B MVA (11-81%)
= Fall (10-46%)

= Assault/Falling Object
(6-30%)

® Pedestrian Injuries
(2-4%)

u Sporting Activities
(19-71%)

Fig. 1 Average prevalence of different mechanisms of injury in mTBI
populations examined across several studies in (a) adults and (b)
children. Values are adjusted to sum to 100 %, and the range for each
category is indicated in the legend (Bazarian et al. 2010; Bordignon

the head strikes a surface, as in a fall or blow, and both contact
and inertial loading takes place. In contrast, in purely impul-
sive head motion as in a shaken baby, the head is not hit by an
object and inertial and acceleration loading occurs. In general,
impact loading produces forces much greater than that pro-
duced by impulsive loading (Meaney and Smith 2011;
Ommaya et al. 2002), and it is hypothesized that impact
loading is more likely to result in skull fracture, brain contu-
sion and epidural hematoma whereas inertial loading is more
likely to result in injuries such as traumatic axonal injury
(TAI) and subdural hematoma (Saatman et al. 2008). These
variable mechanisms of injury, in combination with location
and duration of injury, can result in highly unique injuries,
which might cause dramatically different patterns of injury
distribution and severity. Other factors can affect injury bio-
mechanics as well, possibly mitigating the consequence of an
injury. Linear and angular acceleration of the head have been
shown to be reduced with the use of a helmet, although
cadaveric studies have shown that the extent of brain displace-
ment and angular speed is not significantly affected (King et
al. 2011). Even as finite element modeling can describe many
of these, and other possible factors involved in head injury, it
still does not account for the inter-individual differences in
operant parameters of a particular head injury.

Sports confer unique contexts for injury

In the United States, approximately 300,000 sports-related
TBIs with reported loss of consciousness occur yearly; as
only an estimated 8-19.2 % of sports-related head injuries
involve loss of consciousness, the incidence of head injury
is likely much higher, in the range of 1.6-3.8 million per
year. Many of these injuries are in collegiate football and
soccer players (Langlois et al. 2006). The myriad contextual
and biomechanical variables relevant across a wide variety
of sports, positions played within a sport, player skill level
and available equipment sets the stage for tremendous
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and Arruda 2002; Iverson et al. 2000; Kashluba et al. 2008b; Kraus et
al. 2005; Lee et al. 2008; Lipton et al. 2009; Lundin et al. 2006; Meares
et al. 2008; Thornhill et al. 2000)

heterogeneity of sports mTBI. In a study modeling head
impacts during Olympic boxing and those seen in the Na-
tional Football League, Head Injury Criterion (HIC), a mea-
sure of concussion risk, and translational acceleration were
lower in Olympic boxers, whereas impact velocity was
higher in Olympic boxers. While it is not possible that each
sport entails exposure to a pure mechanism of injury, boxers
may be subject to greater rotational forces and football
players to greater translational forces, which could lead to
greater risk for TAI in boxing (Viano et al. 2005). The
average linear acceleration of the football player’s head is
generally much greater than that in hockey, with football
closer to the estimated concussion threshold (Duma et al.
2005; Reed et al. 2010). Professionals might be at greater
risk of concussion than amateurs as, for instance, the
incidence of concussion is higher among professional
boxers than amateur boxers, perhaps due to differences
in safety gear or intensity of play (Moriarity et al. 2004;
Viano et al. 2005).

Characteristics of play, such as player position, create
additional variability in sports mTBI. Site of head impact
determines the likelihood of concussion in soccer, hockey
and football (Scott Delaney et al. 2006) and may be related
to position played. However, not all studies agree on which
impact location is most likely to result in concussion, with
one study by Delaney et al. implicating the side/temporal
area, and one study by Greenwald et al. implicating the top
of the head (Greenwald et al. 2008; Scott Delaney et al.
2006). Using an in-helmet accelerometer system, Duma et
al. demonstrated that a football player’s position determines
the type of impacts to which he is exposed, whether sagittal,
lateral, forehead, rear helmet, or upper helmet (Duma et al.
2005). Risk for concussion and degree of rotational accel-
eration differ depending on player position as well as other
factors such as particular play and type of game (tournament
play versus regular season and play-off games) (Reed et al.
2010; Viano et al. 2007). Differences in player anthropometrics
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can also lead to diverse injuries. For instance, forearm, wrist
and hand anthropometry can alter the effective mass of a
boxer’s punch (Walilko et al. 2005).

Outcomes from sports injuries have generally been con-
sidered more favorable than those in civilian trauma
(McCrea et al. 2009). For instance, sports injuries have been
reported to result in shorter duration of loss of conscious-
ness, fewer concurrent injuries, fewer financial barriers to
healthcare, and more rapid recoveries (usually within 7—
14 days) than those who suffer from other modes of injury
resulting in mTBI (Demakis and Rimland 2010; Landre et
al. 2006; McClincy et al. 2006; Williams et al. 2010). This
seemingly benign natural history must be tempered by the
fact that players are more likely to experience repeat-
concussions and, due to under-reporting or masking of
symptoms for the sake of return-to-play determinations
(Grady 2010; Wall et al. 2006; Williams et al. 2010), may
suffer subsequent TBI before recovery from previous inju-
ries is complete. Thus, players are at risk for longer term
decrements in neurocognitive functioning associated with
repeat injury. These deficits are detectable at 3 months post-
injury (Wall et al. 2006).

Factors affecting motor vehicle accident mTBI variability

Because acceleration-deceleration forces are much greater
than in sports, motor vehicle accidents (MVA) may cause
more severe injuries (Williams et al. 2010). PCS, especially
headache and concentration difficulties, are more common
after motor vehicle accidents as compared to falls, cycling
and sports concussions (Bazarian and Atabaki 2001;
McCauley et al. 2001; Ponsford et al. 2000), even at 1 year
post-injury (Sterr et al. 2006). In terms of tissue pathology,
motor vehicle accidents are more likely to result in supra-
tentorial hematoma, DAI and brain swelling than are falls,
as seen on postmortem examination (Graham et al. 1989).
Although MVA seems somewhat distinct from other types
of mTBI, characteristics of a particular MVA vary greatly,

Fig. 2 Injury features alter
mTBI pathology: A girl and
boy, both 9, were back seat
passengers during an MVA. ‘a’
was restrained and sustained a
scalp hematoma (arrows), but
no visible brain abnormality.
‘b’ was unrestrained and was
ejected from the vehicles and
sustained a bland cortical
contusion visible on the CT
scan (arrowheads)

leading to within group heterogeneity of pathology and out-
comes. Light trucks are associated with 3.4 times higher
mortality rate than passenger vehicles impacting pedestrians,
when adjusted for pedestrian age and impact speed (Roudsari
et al. 2004), and motorcycle accidents result in more severe
head injuries than do vehicular accidents. Seatbelts can miti-
gate injury severity in general (Fig. 2), as the three-point belt
enables the occupant to ‘ride-down’ with the vehicle, increas-
ing stopping distance and thereby minimizing passenger ac-
celeration (velocity of the individual relative to the car) (King
and Yang 1995; Peterson et al. 1999). This benefit is depen-
dent on appropriate use; ‘seat belt syndrome’ indicates a panel
of injuries unique to children too small for appropriate seatbelt
use. Airbag deployment, body position, seat location (passen-
ger versus driver), and site of impact can all affect motor
vehicle outcomes. For instance, studies have shown that
when a driver’s hands are positioned in front of the steering
wheel, head and neck injury criteria as well as maximum
linear acceleration of the head are dramatically increased
(Hault-dubrulle et al. 2011). Pre-collision body posture
affects excursion distance for ride-down, effectiveness of
vehicular safety devices, and extent of collision between
the individual and internal structures of the vehicle (Bose
et al. 2010). Frontal impacts are thought to result in flexion-
extension of the neck related to head motion, and side
impacts are thought to translate into bending and axial
rotation (Eppinger et al. 1999; Yoganandan et al. 2009).
Research on rear-seat pediatric passengers shows that con-
cussion is most common in children ages 4-12 in side or
rear impact crashes (Elliott et al. 2006).

Military mTBI: the “signature wound” of modern combat

mTBI caused by improvised explosive devices (IEDs) has
been described as the “signature wound of the war on terror”
(Rosenfeld and Ford 2010), and typically affects male,
Jjunior rank soldiers exposed to high combat intensity, mul-
tiple blast exposures, and multiple concussions (Hoge et al.
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2008; Rosenfeld and Ford 2010). Up to 20 % of American
troops stationed in Iraq and Afghanistan have experienced
mTBI (Belanger et al. 2009; Elder and Cristian 2009), but
this may be an underestimate. Due to the prominent role of
blast exposure, military mTBI may differ greatly from that
occurring in the civilian population. However, it would be
erroneous to consider combat blast-related mTBI as a mono-
lithic entity. “Blast injury” may only rarely be due to the
blast exposure in isolation; consequences of primary blast
are not easily teased apart from those of secondary, tertiary
and quaternary injures (Belanger et al. 2009; Elder and
Cristian 2009). Blast injury elements include (1) positive
overpressure wave, (2) underpressure wave drawing frag-
ments leading to impact and penetrating trauma, (3) impact
trauma by propelled debris and/or head impact against sta-
tionary objects and (4) burns, asphyxiation and toxic expo-
sure (Elder and Cristian 2009; Rosenfeld and Ford 2010).
These varied mechanisms in addition to other factors includ-
ing type of explosive, distance from blast epicenter, use of
protective gear and whether or not the blast occurred within a
confined space, create both within-group differences as well
as between-group heterogeneity (Rosenfeld and Ford 2010).

Mechanistic variability in combat-related mTBI is under-
scored by broad evidence of heterogeneity of clinical find-
ings and adverse outcomes in this population. Chronic PCS
is common (Belanger et al. 2009; Elder and Cristian 2009;
Hoge et al. 2008) as are cognitive impairment and EEG
abnormalities (Rosenfeld and Ford 2010). Excess adverse
psychiatric outcomes, especially PTSD, as well as persistent
physical health problems, are common in combat mTBI
victims (Belanger et al. 2009; Hoge et al. 2008), perhaps
related to combat stress and other environmental factors. At
2 years post-injury, blast victims have been shown to have
higher scores on measures of PTSD than non-blast TBI
patients and, on measures of learning/memory, patients with
mTBI due to blast show the best performance, patients with
moderate-to-severe TBI due to blast perform worst, and
non-blast TBI patients show intermediate performance
(Belanger et al. 2009). Terror victims, injured by explosion,
gunshot, or stabbing, may also form a unique TBI subgroup
as they are more likely to suffer from vascular lesions, to
have abnormal CT scans, to show intracerebral hemorrhages
on CT, to have longer hospital stays, and to have a signifi-
cantly higher incidence of post-traumatic epilepsy than the
non-terror TBI patients. Interestingly, although terror victims
suffer from more severe TBI, they were more likely to return
to work than non-terror victims (Schwartz et al. 2008).

Immediate effects: clinical manifestations in the acute
setting

Regardless of mechanism, mTBI patients can experience
anywhere from quite mild to pronounced symptoms
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immediately after injury. Upon initial presentation, LOC,
post-traumatic amnesia (PTA) and GCS are generally used
to diagnose mTBI; however, as discussed below, these three
measures are not necessarily reliable prognostic indicators.
The variety of type and extent of acute symptoms further
emphasizes the nonuniformity of mTBIL

GCS, PTA, LOC

At the core of most definitions of mTBI is the concept of
head injury associated with GCS 13-15. However, GCS
score is a very poor indicator of patient status and prognosis
after mTBI. Patients with GCS of 15, ostensibly the equiv-
alent of normal consciousness, have been shown to have
acute symptoms, long-term deficits, and pathology on im-
aging. At the same time, several studies have demonstrated
that patients with GCS of 15 have better outcomes than
those with GCS of 13—14, despite the fact that all three are
included in a single mTBI category. For instance, the data
from four cohort studies demonstrates that surgical interven-
tion is necessary in less than 0.5 % mTBI cases with initial
GCS score of 15; this statistic increases to 1 % when
considering patients with GCS of 13-15 (Borg et al.
2004). A statistically significant difference in rates of posi-
tive CT findings (Fig. 3) is found in mTBI patients with
different GCS scores. Patients with GCS of 13-14 have
been shown to have higher incidence of initial LOC, skull
fracture, pathologic CT findings, need for admission, neu-
rological deterioration, and discharge to a rehab facility
(Culotta et al. 1996; Gomez et al. 1996), and longer PTA
(Tellier et al. 2009) than those with GCS of 15. Importantly,
GCS does not necessarily correspond with pathoanatomic
features of an injury, so that it is less useful in guiding
treatment selection (Saatman et al. 2008).

In addition to GCS, LOC and PTA serve as the basis for
most definitions of mTBI. Although some studies have shown
that PTA (Bazarian et al. 1999; Hinton-Bayre and Geffen
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Fig. 3 Frequency (%) of CT abnormalities in mTBI patients with GCS
13—15. The x-axis indicates GCS score range and the y-axis indicates
CT abnormalities (%), reported in three different studies. Each triangle
indicates the median and the height of the vertical line indicates range
(Borg et al. 2004; Culotta et al. 1996; Jacobs et al. 2010)
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2002; Shores et al. 2008; Tellier et al. 2009) and LOC (Boran
et al. 20006) are predictive of outcomes at various time points
post-injury, others have shown that neither PTA (Bazarian et
al. 1999; Harad and Kerstein 1992; Meares et al. 2008; Jacobs
et al. 2010; Sroufe et al. 2010) nor LOC (Harad and Kerstein
1992; Hinton-Bayre and Geffen 2002; Jacobs et al. 2010; Sterr
et al. 2000) are predictive of mTBI outcomes. Thus, LOC and
PTA are not necessarily better prognostic indicators than
GCS, and patients with similar LOC and PTA features can
potentially demonstrate widely diverse outcomes. Ultimately,
outcome will probably be most reliably predicted based on a
complex system of clinical, pathological, and imaging varia-
bles. For instance, a cluster of seven clinical factors were
found to be 100 % predictive of positive CT scan in mTBI
(Haydel et al. 2000) and the presence of anxiety and noise
sensitivity in the acute post-injury setting were the best pre-
dictors of post-concussive syndrome at 3 months post-injury
(Dischinger et al. 2009).

Acute neurocognitive and concussive symptoms

mTBI diversity is illustrated by the panoply of acute neuro-
cognitive and concussive symptoms found in various studies,
as portrayed in Fig. 4. These results can be interpreted to
represent the wide range of mTBI outcomes, produced by
different injury types. It is instructive to note that, even in
comparing studies employing identical tests of acute neuro-
cognitive and concussive outcomes, reported acute outcomes
for mTBI are not necessarily the same. For instance, three
studies employing the Immediate Post-Concussion Assess-
ment and Cognitive Testing battery (ImPACT) showed
different degrees of impairment on the various cognitive
domains (Peterson et al. 2009; Ponsford et al. 2011; Shores
et al. 2008). In contrast, others have demonstrated similar
findings when utilizing the same neurocognitive measures.
For example, both Halterman et al. as well as van Donkelaar et
al. demonstrated impaired orienting and executive, but not
alerting, aspects of attention on the Attentional Network
Test (ANT) in acute mTBI (Halterman et al. 2006; van
Donkelaar et al. 2005). Importantly, both studies examined
a population of predominantly sports-related mTBI at ex-
actly 2 days post-injury; thus, although drawing general
conclusions regarding mTBI in the acute time period, these
specific findings might be relevant only to populations
similar to these two groups.

Pathways to heterogeneous pathologic manifestations
of MTBI: pathophysiology

Heterogeneity of mTBI pathology is likely to result from the
varied interplay of myriad molecular and cellular level path-
ogenic mechanisms, including, either coincidentally or

separately, excitotoxicity (Koura et al. 1998; Meaney and
Smith 2011), inflammation (Hutchinson et al. 2007; Meller-
gard et al. 2011), reactive oxygen species (Cernak et al.
2001; Signoretti et al. 2010) and cerebrovascular dysfunc-
tion (Len and Neary 2011), in addition to many others. A
review of these candidate mechanisms, identified and mod-
eled in animal models of TBI, is well beyond the scope of
this review (see Bigler and Maxwell 2012). However, it is
notable that although numerous candidate TBI mechanisms
have been identified in animal models and treatments
addressing several of these mechanisms have been success-
ful in preclinical studies, no treatment trial has yet shown
efficacy in human TBI. This translational disconnect may
arise from the fact that unique combinations of pathogenic
mechanisms likely occur in each human TBI, dependent on
host and injury factors, including the nature and spatial
location (brain structure involved) of the injury.

Heterogeneous pathologic manifestations of MTBI:
autopsy evidence

The heterogeneity of injuries is well-established in postmor-
tem studies, both of TBI in general as well as a limited
literature specifically addressing mTBI. Oehmichen, for ex-
ample, demonstrated marked heterogeneity in TBI patholo-
gy, including the findings of red blood cells and red blood
cell breakdown products, polymorphonuclear leukocytes,
macrophages, fibroblasts, endothelial cells, collagenous
fibers, gemistocytic and siderin-containing astrocytes, neu-
ronophagy, axonal swelling, axonal retraction balls and
mineralization of neurons within brain tissue. Multiple his-
topathological findings were seen at various time-points
underscoring the diversity of pathology (Oehmichen et al.
2003). Even in TBI patients with similar mechanism of
injury, most cases due to falls, pathologic manifestations and
spatial distribution of abnormalities varied greatly between
patients (Adams et al. 2001).

Autopsy studies specifically examining mTBI patients
have demonstrated different sites of diffuse axonal injury,
with some showing the corpus callosum as the most com-
mon site of injury (Blumbergs et al. 1995), and others
showing the brainstem and lobar white matter as most
common sites of diffuse axonal injury (Adams et al.
2001). In an autopsy study of a 47-year-old male with
uncomplicated mTBI who died at 7 months post-injury
due to unrelated causes, and who complained of symptoms
at 1 month post-injury including problems with problem-
solving, memory, concentration, dizziness, lack of energy,
behavioral problems and anxiety, no gross abnormalities were
observed, but microscopic examination revealed hemosiderin-
laden macrophages in pervisacular spaces and scattered macro-
phages in white matter of both the frontal and temporal lobes
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Fig. 4 Prevalence (%) of acute a
(a) somatic (b) emotional (c) ’

cognitive symptoms at <14 days

post-mTBI as based on averaged

prevalence reported in several

studies. Error bars indicate

range of prevalence reported

between studies; stars indicate
that reported prevalence is based
on a single study (Dischinger

et al. 2009; King et al. 1995;
Ponsford et al. 2011; Ayr et

al. 2009)
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(Bigler 2004). Very few autopsy studies have assessed blast-
injury; however, two cases from WWI showed multiple punc-
tuate hemorrhages in subcortical regions, and 9 cases from
World War II showed diffuse leptomeningeal bleeding, intra-
cerebral clots, and multifocal hemorrhages in white matter
(Elder et al. 2010).

Axonal injury, assessed by staining for Amyloid Precur-
sor Protein (APP) in mild to severe TBI post-mortem brain
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samples, demonstrated abnormal APP staining in all cases,
from 1.75 h after injury through 28 days post-injury. The
extent of APP staining was greater for those with severe
head injury than those with mTBI. Patterns of APP staining
varied between patients, however, with some showing ran-
domly stained axons, some showing stained collections of
parallel axons, some showing ‘stress line’ patterns of posi-
tively staining fibers, and some showing axonal injury
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surrounding areas of hemorrhage. Interestingly, although
there was a statistically significant difference in extent of
APP staining between the mild and severe TBI groups, there
was nevertheless an overlap between the two. For instance,
a patient with GCS of 14 and LOC less than 10 min (mTBI)
had an Axonal Injury Sector Score equivalent to that of a
patient with GCS 3—4 (severe TBI) (Blumbergs et al. 1995).
Heterogeneity of the underlying pathology belies the sup-
position that similar clinical manifestations indicate similar
injury pathology.

Identifying MTBI pathology in vivo: imaging reveals
tissue level heterogeneity

A wide range of neuroimaging findings is detectable after
traumatic brain injury and the spatial distribution of these
findings varies greatly. CT and magnetic resonance imaging
(MRI) studies have demonstrated that a purportedly homo-
geneous group of patients, all with ‘mild’ injury, can present
with normal imaging findings or a variety of abnormalities
on imaging. Successive advances in imaging technology
have revealed evidence of brain injury previously undetect-
able. This section will review evidence of pathologic het-
erogeneity from the imaging literature to date. However, it is
likely that future advances in neuroimaging methods and
practices will expose an even greater degree and variety of
mTBI pathology.

Structural imaging
CT and conventional MRI findings

Most commonly, structural imaging will reveal no abnor-
malities in patients with clear clinical diagnoses of mTBI,
in either the acute or chronic phases of injury. In fact,
diagnostic criteria for mTBI may incorporate the absence
of findings on structural imaging and many studies of
mTBI specifically exclude patients with such abnormali-
ties. Nonetheless, a wide variety of findings are seen in
many mTBI patients. Figure 5 illustrates the total frequen-
cy, as well as specific frequency of type and location of
pathology on CT and MRI in studies looking at mTBI
populations. A more comprehensive review of MR imag-
ing in mTBI is presented by Shenton et al. (2012). This
section will specifically discuss the issue of intersubject
variation as seen by MRI.

Many classification schemes have used the term “mild
complicated TBI” to refer to patients with a clinical diagno-
sis of mTBI and CT/MRI abnormalities, reserving the term
mTBI for those with normal imaging. This dichotomy is
further discussed below. Notably, almost all of the widely
known imaging indicators of TBI can be seen at any point

on the injury spectrum, from mild to severe. This and the
fact that gross imaging pathology does not necessarily cor-
relate with long-term PCS and neurocognitive functioning
(Niogi and Mukherjee 2010; Umile et al. 2002), underscores
the variability inherent in mTBI, which might depend on
pathologic features below the detection threshold of current
imaging technology.

Imaging abnormalities seen in TBI may be caused by
various biomechanical mechanisms. For instance, cortical
contusion can result at the site of impact (coup), secondary
to depressed skull fracture or merely transient deformity of
the calvarium in the absence of fracture. Contusion opposite
the site of impact (contrecoup) also occurs, but due to the
impact of the moving brain against the often irregular skull
surface (Aiken and Gean 2010; Kim and Gean 2011). Sim-
ilarly, various pathologic mechanisms underpin imaging
manifestations in mTBI. While excess nonspecific white
matter abnormalities are seen in chronic TBI, these lesions
are also seen due to many other disorders affecting white
matter. The fact that, at time of injury, mTBI patients do not
necessarily have greater prevalence of these lesions (Kurca
et al. 20006), suggests that they develop during the subacute
period due to secondary injury mechanisms. Numerous
investigators have noted that the association of structural
imaging findings with clinical symptoms and outcomes of
mTBI is inconsistent (e.g., Niogi and Mukherjee 2010). This
is true not only for total number of lesions, but also for
lesion size, location, evolution over time, and type of injury
seen on CT and MRI in mild as well as moderate and severe
TBI (Brandstack et al. 2006; Doezema et al. 1991; Levin et
al. 1987). The range of mechanistic antecedents, underlying
pathologic mechanisms and clinical outcomes that may or
may not be associated with well known structural indicators
of TBI indicate a broad and complex range of pathology is
present in the brains of mTBI patients at and after the time
of injury (see Bigler and Maxwell 2012). On the other hand,
an impressive relationship between neurobehavioral sequel-
ae and location of brain lesion was seen in individual cases
(Levin et al. 1987). This highlights the importance of study-
ing structure-function relationships in individual rather than
group analyses, as important findings may be masked by
group analyses, due to the overwhelming heterogeneity of
mTBI (see Lipton et al. 2012). Mixture-modeling and growth
curve modeling are two possible alternative approaches
(Yeates 2010).

The prevalence of CT findings in TBI and mTBI
patients differs between subpopulations. For instance,
there is an increased frequency of intracranial lesions
seen on CT in mTBI patients over age 60 as compared
with mTBI patients aged 14—-60 (Dunham et al. 1996)
and diffuse axonal injury is more common in the second and
third decades of life (Cordobes et al. 1986). Among infants,
non-contrast CT findings as a result of accidental head injury
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Fig. 5 Type and location of abnormalities seen on structural imaging
(CT/MRI). The heterogeneity of imaging findings in mTBI (GCS 13—
15, with or without PTA <30 min, with or without LOC <24 h) is
demonstrated using data from selected publications (Bordignon and

differ from those of non-accidental head injury, such that
accidental injury will more likely result in homogeneous,
hyperdense subdural hematomas, whereas mixed density
subdural hematoma will be more common in cases of
non-accidental head injury (Tung et al. 2006). CT findings
might also differ with mechanism of injury, so that intra-
cranial hemorrhage is more commonly detected in pedes-
trians hit by a large vehicle, followed by bicycle crashes,
falls, motorcycle/moped/snowmobile crashes and contact
with an object (Styrke et al. 2007). Similarly, traumatic
microbleeds, indicators of TAI, are more frequently ob-
served in TBI resulting from traffic accidents than those
seen in falls and assaults (Scheid et al. 2003). Imaging
abnormalities might be more common in individuals dis-
playing certain clinical symptoms, as in one study that
demonstrated headache, vomiting, increased age, alcohol
or drug intoxication, anterograde amnesia, head and neck
trauma, and seizures as predictive of increased likelihood of
pathology on CT (McAllister et al. 2001).

Even in a highly homogeneous group of mTBI patients,
structure-function relationships have not been reliably
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Arruda 2002; Iverson et al. 2000; Jacobs et al. 2010; Kurca et al. 2006;
Lee et al. 2008; Styrke et al. 2007). EDH = epidural hematoma; SAH =
subarachnoid hemorrhage; SDH = subdural hematoma; TAI = traumat-
ic axonal injury

established. For instance, in a study of very mild TBI
(GCS = 15, normal neurological examination, brief or no
LOC, slight or no disorientation, and no changes on routine
electroencephalogram), only 1/4 had MRI findings attribut-
able to trauma. All patients in the study demonstrated poor
performance on neuropsychological measures of verbal
memory, and neuropsychological performance was not re-
lated to MRI findings in those patients with abnormal scans
(Voller et al. 1999). Similarly, Fig. 6 shows six patients, all
with GCS 15, with diverse findings on imaging exam. In a
study restricted to mTBI patients with chronic symptoms,
the majority due to MVA, only 25 % were found to have
heterogeneous abnormalities on acute MRI. A clear rela-
tionship between symptom expression and MRI findings
could not be established (Umile et al. 2002).

Complicated versus uncomplicated mTBI
The definition of mTBI developed by the Mild Traumatic

Brain Injury Committee of the Head Injury Interdisciplinary
Special Interest Group of the American Congress of
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Fig. 6 Variable pathologic
manifestations of mTBI: All
patients presented to the ED
with mTBI (GCS = 15).
Imaging abnormalities varied
widely despite similar clinical
presentation. a Scalp hematoma
only, with no brain abnormality.
b Depressed skull fracture with
no parenchymal brain
abnormality. ¢ Isolated subdural
hematoma. d Localized
subarachnoid hemorrhage.

e Petechial hemorrhage
indicative of TAL f Small
isolated epidural hematoma

Rehabilitation Medicine (1993) includes patients with intra-
cranial imaging abnormalities in the mTBI category (Iver-
son et al. 2000). Although not all studies discussing mTBI
adopt the distinction, a more recent trend in mTBI classifi-
cation has been to differentiate between uncomplicated
mTBI, which includes patients with GCS 13—15 not associ-
ated with MRI/CT findings, and complicated mTBI, which
includes patients with GCS 13—-15 associated with abnor-
mal MRI/CT findings (Belanger et al. 2007). Complicated
mTBI comprises approximately 16-21 % of all mTBI
cases (Iverson et al. 2000), and is thought to result in
six-month outcomes more similar to those seen in moder-
ate traumatic brain injury (Belanger et al. 2007; Kashluba
et al. 2008a; McAllister et al. 2001). For example, chil-
dren with intracranial pathology detected on CT within
24 h of mTBI have been shown to have a poorer recovery
at 1 year post-injury than patients with mTBI without CT
abnormalities (Levin et al. 2008). mTBI patients with CT
findings have also been shown to have a small but statis-
tically significant relationship between presence of CT
abnormalities and lower GCS scores, greater frequency
of LOC and greater frequency of skull fractures (Iverson
et al. 2000). However, even within the complicated mTBI
category, studies have demonstrated that imaging findings
do not necessarily predict outcome, contravening a strict
structure-function relationship. Such relationships might,
however, be demonstrated using other structural and
functional imaging techniques.

Magnetization transfer imaging (MTI)

Studies using MTI further demonstrate the heterogeneity of
mTBI and the difficulties of outcome prediction based on
imaging findings, even when using a method thought to be
more sensitive to edema, demyelination and Wallerian de-
generation than conventional T1 and T2-weighted MRI
(Belanger et al. 2007). Although regions of reduced magne-
tization transfer ratio (MTR) were identified in patients with
poor outcomes, 50 % of patients with normal MTT also had
poor long-term neurological outcomes, and one of five
allegedly ‘mild” TBI patients had MTI findings (internal
capsule, white matter of temporal and occipital lobes), but
only one among the five to demonstrate long-term deficits,
suggesting that although deemed ‘mild,” patients with per-
sistent symptoms might be different from others in the same
mTBI category (Bagley et al. 2000). In a study of mTBI
patients with normal initial conventional MRI findings, all
of whom had persistent neurocognitive symptoms at months
to years after injury, decreased MTR was seen in the sple-
nium within the patient group, but not in the pons. Still,
abnormal MTI findings correlated with only 2 of 25 neuro-
cognitive measures assessed in these patients (McGowan et
al. 2000). Finally, a third study demonstrated abnormal MTI
findings in five of six mTBI patients, with low MTR values
not only in the splenium, but in the pons, internal capsule
and temporal and occipital lobe white matter (Sinson et al.
2001). In summary, MTI studies have demonstrated that
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patients with persistent symptoms might represent a different
group within the mTBI designation. However, MTI does not
necessarily predict neurocognitive deficits, suggesting that a
further level of pathologic heterogeneity exists, inaccessible to
this imaging approach.

Diffusion tensor imaging (DTI)

Because it is sensitive to changes in microstructural white
matter integrity, DTI is well suited to the assessment of the
white matter injury understood to be the cause of morbidity in
mTBI. DTI reveals more widespread distribution of white
matter abnormalities than other “structural” imaging modali-
ties at all timepoints following mTBI and has proved sensitive,
despite methodological differences between studies. Impor-
tantly, studies of DTI have revealed significant associations
between abnormal white matter anisotropy and various out-
come measures. While differences in findings between studies
are often attributed to their methodological differences, the
degree of spatial variability in abnormalities, even among
similar studies, indicates intrinsic heterogeneity in the distri-
bution of mTBI pathology. For instance, using a voxel-based
analysis of uncomplicated chronic mTBI, Lipton identified
areas of low FA in the corpus callosum, internal capsule,
subcortical white matter, centrum semiovale and deep cerebel-
lar white matter on both group and individual analyses (Lipton
et al. 2008). In contrast, similarly employing voxel-based anal-
ysis in chronic mTBI, Rutgers showed sparing of the internal
capsule (Rutgers et al. 2008) and Salmond showed involve-
ment of the external capsule (Salmond et al. 2006). ROI anal-
ysis has evidenced DAI in uncomplicated mTBI patients at
both acute and chronic time points post-injury, with decreased
FA in several areas, including the splenium of the corpus
callosum (Inglese et al. 2005). In contrast, ROI analysis of an
mTBI population including both complicated and uncompli-
cated cases, Niogi et al. showed that the genu of the corpus
callosum was among the most common areas of decreased FA
(Niogi et al. 2008). This discrepancy highlights both the
between-study heterogeneity, as well as, perhaps, the impor-
tance of studying complicated and uncomplicated mTBI as two
separate entities. It is likely that variation in lesion location
between studies is at least in part attributable to inter-individual
differences in mTBI pathology. Each study’s group-wise result
will reflect the common areas affected across that unique group
of patients. In the context of extensive evidence for intersubject
variation in pathogenesis (previous sections) and clinical man-
ifestations (later sections), DTI studies provide a window into
the actual variation in mTBI pathology in vivo. It is essential to
recognize that studies employing a priori ROIs or group-wise
comparisons will be intrinsically insensitive to the component
of the pathology which varies between patients. As a result,
these approaches will greatly underestimate the burden of TAI
likely present in the brains of individual mTBI patients.
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In order to detect variability in the distribution and mag-
nitude of mTBI pathology, studies must assess patients
individually. We have developed methods for detection of
regional abnormalities in anisotropy in whole brain single
subject DTI datasets (Hulkower et al. 2011; Kim et al.
2011). Application of this approach to mTBI patients at
multiple time points following injury reveals widespread
evidence of both abnormally high and low anisotropy
(Fig. 7). Areas typically considered as sites of TBI, such
as the corpus callosum, are commonly affected. However,
much variation is seen between subjects in the spatial dis-
tribution and magnitude of abnormal anisotropy. This ap-
proach provides a new window into the true magnitude of
pathological heterogeneity, which occurs after mTBI.

Functional imaging
Functional magnetic resonance imaging (fMRI)

Study designs vary greatly across fMRI hampering compar-
ison of results across studies, and inferences from inter-
study differences regarding actual intersubject variability.
Nonetheless, in an individual analysis, areas of activation
showed a wide pattern of distribution, and differed between
each subject tested (Chen et al. 2004). This could reflect
inter-individual variability of brain activity, not detected by
CT or MRI and even neurocognitive testing, which is due to
either actual injury or the development of compensatory
networks. When employing the same task paradigm, fMRI
studies have shown differing results; as in a comparison
between studies by Chen and Gosselin, both of which
employed an externally ordered task to mobilize working
memory in mTBI patients. While both demonstrated de-
creased activation in the parietal and frontal regions, only
Gosselin identified decreased activation in the thalamus
(Chen et al. 2004; Gosselin et al. 2011). Although Gosselin
did not demonstrate a significant relationship between work-
ing memory function and areas of decreased activation, a
negative correlation was established between areas of acti-
vation and PCS (Gosselin et al. 2011). While these differ-
ences may at least in part be due to study variables
(hardware, software, MRI acquisition parameters, etc.) they
provide some indication of the complicated relationship
which exists among various mTBI outcomes and brain
changes (see, for instance, Mayer, et al. and Stevens et al.
2012). Separation of neurocognitive outcomes from PCS
might represent a false distinction.

Positron emission tomography (PET) and single-photon
emission computed tomography (SPECT)

PET and SPECT provide physiological information, glucose
metabolism and cerebral perfusion, respectively, not available
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Fig. 7 Variability of TAI in
mTBI: Individualized
voxelwise assessment of
fractional anisotropy images
(»<0.01; comparison to 40
normals) from DTI in 3
individual mTBI patients
(GCS = 15) reveals areas of
abnormally low (red) and
abnormally high (blue) FA in
each individual, but the spatial
distribution of abnormalities
varies greatly among
individuals. Structural MR
images were entirely normal in
these individuals

Patient 2 Patient 1

Patient 3

from structural studies and might thus be expected to reveal a
new aspect of inter-individual variation than previously
shown. PET shows areas of both increased and decreased
metabolic activity across a wide range of brain regions in
mTBI patients. For instance, in one study, all patients showed
at least one area of abnormality and the valence of the effect
(high or low metabolism) varied between patients at a given
brain location. Moreover, patients with similar symptoms did
not necessarily demonstrate abnormalities in the same loca-
tions (Gross et al. 1996). In contrast, in a group analysis,
Humayan found similarities between patients with similar
persistent symptoms (Humayun et al. 1989). SPECT studies
reveal variable regional perfusion abnormalities which corre-
late with outcome measures to differing degrees between
studies and patients (Abdel-Dayem et al. 1998; Ichise et al.
1994; Kant et al. 1997; Nedd et al. 1993; Umile et al. 2002).

Electrophysiology

Electroencephalography (EEG) and magnetoencephalogra-
phy (MEQG) studies are important because they directly
measure, albeit at relatively crude spatial resolution, actual
neuronal activity, whereas functional imaging measures
(functional magnetic resonance imaging (fMRI), PET,
SPECT) detect function indirectly. EEG detects abnormalities
that are not necessarily concordant with CT, MRI or SPECT
(Kant et al. 1997). As seen in fMRI studies, although task
performance may not differ from controls, electrophysiological

abnormalities are detectable in mTBI. For instance, significant
attenuation of sustained posterior contralateral negativity
waveform amplitude was related to number of sports concus-
sions, despite normal working memory function (Theriault et
al. 2011) and the expected N350 peak was not detected in
mTBI patients performing a working memory task (Gosselin et
al. 2011). Similarly, Montgomery demonstrated abnormalities
of brainstem function, which differed greatly across mTBI
patients (Montgomery et al. 1991). Thus, EEG studies reveal
additional aspects of abnormal brain function in mTBI. Corre-
lation of electrophysiological studies with imaging findings is
likely to be a fruitful path toward refining our understanding of
the breadth of structure-function disturbances in mTBI and will
likely further expose and characterize inter-subject variation.
Proof of principle in this area has been accomplished, as in the
elegant study correlating regional white matter abnormalities
detected with DTI and abnormal slow wave MEG findings in
individual military mTBI patients (Huang et al. 2009).

The endpoint: heterogeneity of functional outcomes
in mTBI

Functional outcomes after mTBI are extremely diverse. At
the most basic level, despite similar injuries, approximately
70 % of patients will experience full recovery after mTBI
whereas 30 %, the “miserable minority,” will suffer long-
term symptoms and impairment (Alexander 1995), which in
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turn will vary from mild and annoying to frankly disabling.
This consistently observed finding, despite study differen-
ces, results from the varied interaction of patient and injury
related variables, which generate unique patterns of mTBI
pathology.

PCS and neurocognitive outcomes

PCS include several somatic (e.g., headache/fatigue),
cognitive (e.g., inattention, forgetfulness, slowed pro-
cessing), or affective symptoms (e.g., irritability, disin-
hibition) seen in the aftermath of head injury (Yeates
2010). While some prior studies have reported that the
long-term effects of mTBI on neurocognitive function
(Binder et al. 1997; Frencham et al. 2005; Schretlen and
Shapiro 2003) and post-concussive syndrome (Belanger
et al. 2005) are minimal and likely resolve within
3 months, numerous studies report that 15-47 % of
mTBI cases result in persistent symptoms and deficits
(e.g., Konrad et al. 2010; Ponsford et al. 2000; Thornhill et al.
2000). Although it has become clear that a subset of mTBI
patients will suffer persistent symptoms, the nature of symp-
toms and deficits varies widely across patients, even when
different patient groups are assessed with the same outcome
measures for neurocognitive function (e.g., Konrad et al.
2010; Leininger et al. 1990; Ponsford et al. 2000) or PCS
(King et al. 1995; Lundin et al. 2006). Vanderploeg presents
evidence that detection of neurocognitive impairment in
mTBI might require individualized testing strategies, since
individual injuries disrupt different specialized neural net-
works (Vanderploeg et al. 2005). These findings likely reflect
diversity of both pathology and host compensation for injury
(e.g., compensatory plasticity). Figure 8 shows the prevalence
of PCS and neurocognitive deficits across mTBI patients, and
Fig. 9 shows the prevalence of somatic, emotional and

Fig. 8 Prevalence (%) of post- 70%

cognitive PCS. It must be understood, however, that the varied
occurrence of different clinical manifestations will not be
uniform across mTBI patients, further expanding inter-
subject variation.

Psychiatric disease following mTBI

The diversity of psychiatric diagnoses seen in the wake of
mTBI (e.g., depression, generalized anxiety disorder, ad-
justment disorder, psychotic disorders and substance
abuse/dependence and, in children, ADHD) further under-
scores clinical heterogeneity across this population (Fann
et al. 2004; Mooney and Speed 2001). Although the
existence of premorbid psychiatric symptoms or frank
psychopathology prior to mTBI may be a factor contrib-
uting to its variable prevalence after mTBI, it is important
to recognize this as a manifestation of pre-injury variabil-
ity which is likely to be a large factor in the ultimate
heterogeneity of mTBI pathology and outcomes (see
The Substrate above). Thus, the heterogeneous inci-
dence of psychiatric disease after mTBI is likely a
manifestation of variation in brain pathology and post-
injury compensatory responses. Figure 8 displays the
prevalence of psychiatric diagnoses after mTBI.

PTSD and mTBI

Anterior frontal and temporal regions are implicated in
the pathogenesis of PTSD (Elder and Cristian 2009).
Because these regions are common sites of brain injury,
PTSD is not an unexpected outcome after mTBI and is,
in fact, commonly reported (Bryant et al. 2009; Carlson
et al. 2011; Hajek et al. 2010). An intriguing explana-
tion of the strong association between mTBI and PTSD
is the relatively short duration of PTA in patients with

concussive symptoms >3 months

post-mTBI (Aimaretti et al. 2005; 60%

Doctor et al. 2005; Fann et al.

2004; Friedland and Dawson
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Fig. 9 Prevalence (%) of
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traumatic event and formation of pathological memory,
which is thought to be essential to the pathogenesis of
PTSD. However, it remains unclear whether mTBI
patients actually suffer PTSD per se, or simply endorse
PTSD-like symptoms directly related to brain injury
(Belanger et al. 2009). This may, however, be a simply
semantic distinction.

The pituitary is vulnerable to head injury because it is immo-
bilized within the sella turcica and the infundibulum is sus-
pended under some tension between the pituitary and
hypothalamus (Kelly et al. 2006 clin 162). Disruption of the
hypothalamic-pituitary axis has been shown to result in pitu-
itary dysfunction after mTBI, including repeated concussion
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in adult boxers (Kelestimur 2005; Tanriverdi et al. 2007,
2010) and adolescent soccer players (Ives et al. 2007). Varied
endocrine consequences may include diabetes insipidus
(Chou et al. 2009), hypothyroidism, arrested puberty, second-
ary amenorrhea, and reduced libido (Acerini et al. 2006;
Tanriverdi et al. 2010). A meta-analysis demonstrated the
pooled prevalence of hypopituitarism following mTBI to be
16.8 % (10.9 %—25.0 %) (Schneider et al. 2007) (Fig. 8). More
than half of mTBI patients have at least one anterior pituitary
hormone deficiency, most commonly growth hormone (GH)
deficiency (Aimaretti et al. 2005; Tanriverdi et al. 2007). Post-
injury pituitary dysfunction, especially of GH, impacts neuro-
behavioral function and can contribute to the heterogeneity of
mTBI outcomes (Kelly et al. 2006).

Other manifestations of mTBI: visual and auditory
dysfunction and seizures

While less commonly recognized, mTBI patients have in-
creased oculomotor latency and error during target tasks,
which may be due to brainstem injury and cause visual
symptoms (Suh et al. 2006). Tinnitus, hyperacusis and hear-
ing loss have been objectively demonstrated after mTBI
(Nolle et al. 2004) and the basilar membrane of the cochlea,
the tympanic membrane, and the ossicular chain are injured
at relatively low blast pressures (Patterson and Hamernik
1997); in fact, 35.2 % of soldiers with blast induced con-
cussion have tympanic membrane perforation (Xydakis et
al. 2007). mTBI patients are also at increased risk for post-
traumatic epilepsy. Relative risk of seizures in children after
mTBI is 2.2, and this risk increases with age (Christensen et
al. 2009). The visual and seizure disorders represent addi-
tional manifestations of brain injury, which, as they occur
variably across patients, add to variation of pathological and
clinical manifestations of mTBI. In addition, however, these
aspects of injury as well as auditory disturbances, which
may be a result of peripheral injury, may greatly alter sen-
sory input and cognition in the aftermath of mTBI, further
complicating recovery and adding additional heterogeneity
to the final post-injury state.

Discussion: embracing the chaos that is in mTBI
Scope of the problem and the opportunities it presents

This review has presented the scope and context of inter-
subject variation in mTBI, from pre-injury factors to injury
mechanisms, pathology and clinical manifestations. While
the scope of clinical heterogeneity of mTBI has long been
evident, only recently have advanced neuroimaging techni-
ques given us a broad window into the degree of pathologic
heterogeneity of the disorder. Recent medical advances,
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such as genomically guided interventions in cancer, have
embraced the notion of patient specific disease, which will
be best treated using personalized medicine approaches. We
propose that “embracing the chaos,” the patient-to-patient
variations in mechanisms, pathology and clinical manifes-
tations that are inherent in mTBI, will prove a fruitful path to
improved research and clinical outcomes.

Advancing clinical care in mTBI

At present, functional assessments and imaging techniques
can identify findings related to mTBI. These determinations
have clinical utility, as they may provide some reassurance
as to the presence of brain injury in symptomatic patients,
but it is likely that current approaches have limited sensitiv-
ity. Importantly, it remains unclear how long-term outcomes
can be reliably predicted in clinical practice. Refining our
approach to TBI diagnosis, in light of inter-individual differ-
ences, can facilitate the development of effective prognostic
tools and algorithms. These approaches will immediately
benefit clinical care by permitting judicious use of assess-
ment techniques and appropriate allocation of resources for
follow-up and treatment. Patients can thus benefit, without
needlessly burdening themselves, their healthcare providers
and the healthcare system.

Jumpstarting research into treatment of mTBI

The failure of multiple clinical trials of TBI therapy, despite
efficacy in preclinical models, is potentially due, at least in
part, to inappropriate patient classification [we note here that
classification may be affected by true inter-subject differ-
ences as well as apparent differences created by choice of
assessment tool] and reductionist model systems. No two
head injuries can be identical and, perhaps, they are only
occasionally similar enough to respond to the same thera-
peutic intervention. Approaches that do not account for the
inter-individual variation in pathology and patient character-
istics that pertain to real-life clinical trial participants, may
entirely miss therapeutic targets. For example, group analy-
ses typically employed in research studies, which have been
used to classify and categorize TBI, might relegate distinct
pathological entities, with distinct treatment requirements,
to the realm of statistical outliers (Pertab et al. 2009; Taylor
et al. 2010). Simplification and reductionism is valuable in
basic science investigation. However, translational research,
which will actually improve patient outcomes, must em-
brace the complexity of human mTBI in its choice and
development of preclinical model systems. Animal, cadav-
eric and synthetic (dummy) models cannot reproduce each
and every, or perhaps any, mTBI scenario or account for
individual differences in age, gender and anthropometrics
(Drew and Drew 2004; Sabet et al. 2008; Viano et al. 2007)
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(see empirical paper by Lipton et al. (2012), which discusses
the application of a voxel-wise Z-map approach to the study
of DTI in individual mTBI subjects). Furthermore, model
systems may not be as straightforward and reproducible as
intended; linear acceleration models, for example, can pro-
duce angular acceleration in the brain because vascular,
neural and dural structures serve as axes about which the
brain can rotate (Bayly et al. 2005). Better model systems
are clearly needed, which embrace and address the com-
plexity of real-life TBI.

Recent workshops have addressed lack of progress in TBI
research, which ultimately restrains advances in clinical care
(Saatman et al. 2008; Zitnay et al. 2008). New paradigms,
which embrace heterogeneity of mTBI, in both preclinical and
clinical investigation as well the appreciation of this variabil-
ity in clinical care, can offer much promise for enhancing
outcomes and mitigating the burden of mTBI on its victims.

Summary Points

— mTBI is highly heterogeneous: Despite classification
schemes, mTBI is not a single clinical or pathologic
entity.

— Each individual is unique: Inter-individual pre-morbid
differences provide a varied substrate, which will re-
spond differently to the same injury mechanism.

— Each injury is unique: Context (i.e., sport injury, mo-
tor vehicle accident, military injury) and biomechanics
(e.g., angular acceleration, linear acceleration, location
and duration of impact) provide a mechanistic basis for
varied injury location and severity across the brain of
each mTBI patient.

— Many mechanisms are involved: The relative contri-
bution of varied cellular and molecular mechanisms, in
combination with patient characteristics will uniquely
confer the final pathologic and clinical endpoint.

— Imaging reveals pathologic heterogeneity: Most
mTBI patients show no abnormalities on conventional
imaging; when findings are present, they predict out-
comes poorly. Newer imaging techniques, particularly
diffusion MRI, reveal more and more varied brain ab-
normalities in mTBI.

— Diverse outcomes: Variability in the range and severity
of functional outcomes in mTBI patients implicates the
unique interaction between patient and injury character-
istics in each individual.

— Personalizing mTBI research: Reductionist models,
although important, are inherently flawed in that they
do not represent the full scope of mTBI, both in terms of
substrate as well as injury mechanism, and can therefore
never truly address the real-life mTBI clinical problem.
Personalized medicine approaches are required.

—  Promise for the future: Understanding and embracing
the great variety of mechanistic, pathologic and clinical
manifestations of mTBI can improve research efficacy
and clinical care of patients.
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