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Abstract

This Introduction to a Special Issue on Mild Traumatic Brain Injury (mTBI) highlights the methodological challenges in

outcome studies and clinical trials involving patients who sustain mTBI. Recent advances in brain imaging and portable,

computerized cognitive tasks have contributed to protocols that are sensitive to the effects of mTBI and efficient in time

for completion. Investigation of civilian mTBI has been extended to single and repeated injuries in athletes and blast-

related mTBI in service members and veterans. Despite differences in mechanism of injury, there is evidence for similar

effects of acceleration-deceleration and blast mechanisms of mTBI on cognition. Investigation of repetitive mTBI sug-

gests that the effects may be cumulative and that repeated mTBI and repeated subconcussive head trauma may lead to

neurodegenerative conditions.

Although animal models of mTBI using cortical impact and fluid percussion injury in rodents have been able to reproduce

some of the cognitive deficits frequently exhibited by patients after mTBI, modeling post-concussion symptoms is

difficult. Recent use of closed head and blast injury animal models may more closely approximate clinical mTBI.

Translation of interventions that are developed in animal models to patients with mTBI is a priority for the research

agenda. This Special Issue on mTBI integrates basic neuroscience studies using animal models with studies of human

mTBI, including the cognitive sequelae, persisting symptoms, brain imaging, and host factors that facilitate recovery.
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Introduction

With recent progress in laboratory research and clin-

ical investigations concerning the neural mechanisms of

mild traumatic brain injury (mTBI), it is timely to review research

on these frequently occurring injuries in civilian and military

populations. The prospective, longitudinal investigation of recov-

ery from mTBI arising from closed head trauma in civilians,1

studies of blast-related mTBI in the military,2,3 and proliferation of

sports concussion research4,5 provide a rationale for publication of

this Special Issue. The impact of mTBI on public health is signif-

icant, because it accounts for approximately 85% of the 1.7 million

civilian cases of TBI that are reported annually in the United

States.6 Combat-related mTBI, including blast and non-blast

mechanisms, has emerged as the ‘‘signature injury’’ during the

recent wars in Iraq and Afghanistan, reflecting its occurrence in

15% to 23% of service members.7,8

Laboratory scientists have developed animal models of blast-

related mTBI,3 and investigators have reported the results of

post-deployment neurocognitive testing and brain imaging.9–12

Recently, prospective investigation of subacute mTBI in service

members has produced novel findings about the effects of these

injuries on cognition13 and on the integrity of cerebral white matter

tracts using diffusion tensor imaging (DTI).14

Civilian mTBI

With the exception of approximately 2% of patients whose neu-

rologic status deteriorates because of delayed complications of an

apparent mTBI and patients with severe, concomitant injury to other

body regions, survival is nearly assured after mTBI.6 Prospective,

longitudinal studies that have recruited civilian mTBI patients within

a few days after injury have reported that cognitive function gener-

ally recovers within 3 months to a level comparable to control groups

without mTBI.15 A subgroup of mTBI patients,16 however, esti-

mated to be as high as 15%, evidence persistent post-concussion

symptoms (PCS) including somatic (e.g., headaches), cognitive (e.g.,

memory and attention problems), and emotional (e.g., depression)

symptoms and other features that have been diagnosed as ‘‘post-

concussion disorder’’ or ‘‘post-concussion syndrome.’’ The size of

this subgroup has been disputed, especially when it is based on data

from specialty clinics treating chronic patients with persistent

symptoms who may not be representative of the mTBI population.

Advances in brain imaging and improved methodology in studying

cognitive and behavioral recovery from mTBI have implicated the

contribution of pre-existing and co-morbid conditions to symptoms

persisting longer than 3 months after mTBI.1

In comparison with the general population, patients sustaining

traumatic injury have a higher rate of risk factors, including
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substance abuse, impulsivity, and other behavioral disturbances

that potentially affect functional and neurobehavioral outcomes.17

More than half of adults seen in level 1 trauma centers for acute

mTBI have detectable levels of alcohol or drugs suggesting in-

toxication,18 but further screening is necessary to identify a sub-

group whose substance dependence interferes with daily

functioning, a serious confound in outcome studies.15

To differentiate the effects of mTBI from host factors predis-

posing to traumatic injury and control for nonspecific effects of a

traumatic injury,15 some investigators have included a compari-

son group of patients who sustained an orthopedic injury (OI)

whose demographic features are comparable to those of mTBI

patients.19–21 Few studies have differentiated mTBI patients

whose computed tomography (CT) findings show cortical con-

tusions or other lesions, a complication that can adversely impact

cognitive recovery.22

Sports concussion and effects of repetitive injury

Research on detecting the subacute effects of sports concussion

and characterizing its recovery has proliferated. Aided by devel-

opment of portable devices for cognitive assessment, helmet-

mounted accelerometers to measure traumatic forces,23 and access

to athletic teams for pre-season and post-concussion assessments,

investigators have characterized the trajectory for recovery from a

single, uncomplicated concussion and initiated studies of repetitive

head impacts and repeated concussions.4,5

Since Gronwall and Wrightson24 reported in 1975 an initial

study of repeated mTBI suggesting the possibility of cumulative

effects, widespread interest in repetitive mTBI has been generated

by the proliferation of studies on sports concussion, increasing

popularity of boxing and mixed martial arts, and the sequelae of

mTBI sustained by military personnel during the wars in Iraq and

Afghanistan.25 Using telemetry to measure head impacts sustained

by collegiate athletes over the course of a season, McAllister and

associates26 found evidence for cumulative effects of head impacts

on cognition. Twenty-four percent of the players had postseason

verbal learning scores that were lower than expected based on their

preseason performance, whereas this occurred in only 3.6% of

athletes engaged in non-contact sports. Within the group who

played a contact sport, greater exposure to head impacts was as-

sociated with slower reaction time on ImPACT testing. Further

investigation of the long-term effects of repetitive head impacts is

clearly indicated, especially with inclusion of brain imaging.

Chronic traumatic encephalopathy (CTE)

CTE is a neurodegenerative brain disease that is thought to be

caused at least in part by repetitive brain trauma.27 The reader is

referred to recent reviews of the literature on CTE.28,29 Although

clinical research on CTE is limited primarily to case reports

with neuropathologic confirmation,27 the findings to date indicate

that this condition may develop years after the head trauma has

occurred.

CTE is dissociable from PCS and other acute effects of mTBI.

The neurobehavioral effects of CTE, including dysregulation of

mood and motor deficits, are also atypical of the chronic effects

of a single mTBI. CTE has been reported after repeated

subconcussive blows to the head even without history of a

concussion—i.e., mTBI associated with altered consciousness or

post-traumatic amnesia. Although epidemiologic data on CTE are

sparse, host factors, including the presence of the APOE 4 allele,

appear to increase vulnerability to development of this condition.28

Case reports of professional and amateur athletes30,31 in whom

CTE developed after repeated concussion have provided impetus to

study repeated mTBI from other etiologies, including blast in ser-

vice members and veterans. Investigation of repetitive mTBI in

civilians other than sports concussion is challenged by its relatively

low rate of occurrence.

Military mTBI

mTBI in military personnel differs from civilian mTBI in regard

to the population, cause of injury, and risk of repetitive injury. The

military population is more homogenous in age, sex, and general

health than the civilian population. Blast-related TBI resulting from

improvised explosive devices has been reported to be the most

frequent mechanism of mTBI during the recent wars in Iraq and

Afghanistan.7 MacDonald and colleagues,14 however, recently

found that combined blast and non-blast mechanisms were typi-

cally present in wounded warriors who were evacuated to a higher

level of hospitalized care after mTBI associated with polytrauma.

In contrast to civilian mTBI, differentiation of PCS associated

with mTBI from post-traumatic stress disorder (PTSD) symptoms

often complicates assessment of service members and veterans,

especially at long intervals after combat-related injury. Post-

deployment, self-report data disclosed co-morbid PTSD symptoms

at or above threshold severity for clinical diagnosis in 44% of

service members whose mTBI produced loss of consciousness

(LOC).27 Combat intensity is directly related to both the risk of

sustaining mTBI and to development of PTSD. Compared with

cross-sectional investigations that enroll service members and

veterans months or even years after injury, prospective studies

beginning during the subacute phase of mTBI14 are better suited to

differentiate the process of recovery after mTBI from the emer-

gence of PTSD.

Recording clinical features of acute mTBI in theater is more

difficult than in civilian situations and pressures to return to duty are

balanced against indications for medical evacuation to a higher

level of care than a field hospital or concussion clinic. Acute in-

toxication at the time of injury, however, is not a factor in combat-

related mTBI.

Despite distinctive features of blast and non-blast TBI, cognitive

sequelae and residual symptoms of civilian and blast mTBI share

common features.10 Comparison of impaired consciousness, sub-

acute symptoms, and cognitive performance within 72 hours after

blast (n = 39) or non-blast (n = 38) TBI in wounded warriors and

military contractors was reported by Luethcke and coworkers.13

LOC was more frequently reported after non-blast injury, and a

higher proportion of this group had problems with balance, nausea,

and vomiting early after injury than the blast group. In contrast,

complaints of hearing difficulty were significantly more frequent in

the blast-injured group.

Although cognitive processing speed was sensitive to duration of

LOC and generally declined from pre-injury baseline performance,

it did not differ between blast and non-blast injury groups. Con-

sistent with these subacute data, Belanger and colleagues10 found

that there were no between-group differences in cognitive perfor-

mance at about 2 years post-injury between veterans who had

sustained blast (n = 61)-related TBI and those with non-blast

(n = 41) TBI on measures of learning, memory, flexibility in cog-

nitive response, and cognitive processing speed. On subdividing

each mechanism of injury group into mild versus moderate/severe

injury subgroups, however, these investigators did find an inter-

action of mechanism with severity of injury on a test of visual
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memory. Veterans who had mild blast TBI obtained the best visual

memory performance, whereas the moderate/severe blast TBI

group had the worst scores. Comparison of the mechanism of injury

groups on a self-reported measure of PTSD symptoms disclosed a

marginally significant effect, with more severe symptoms in the

blast than non-blast groups. The authors postulated that hyper-

arousal at the time of blast injury may predispose to more persistent

PTSD symptoms than is the case with non-blast injury.

Neural mechanisms of mTBI

Constraints on elucidating the neural mechanisms of mTBI have

included animal models that produce focal contusions, rather than

multifocal or diffuse axonal injury, which are considered to be the

primary mechanisms of mTBI in humans.32–34 A subset of clinical

studies focused on investigating the effects of diffuse axonal in-

jury35 have even excluded patients with acute contusions identified

by CT. Although few neuropathological studies of mTBI in humans

have been reported, Blumbergs and associates36 found evidence of

axonal injury in five adults who had sustained mTBI associated

with more severe injuries. Consistent with Blumbergs and co-

workers,36 mTBI denotes a predominantly white matter injury that

is on a continuum of severity with moderate to severe brain injuries

that impart rotational acceleration to the head, including motor

vehicle crashes falls, and sports concussion.

Elucidating the neural mechanisms of mTBI has also been de-

layed by a lack of prospective, longitudinal brain imaging data in

patients beginning in the subacute phase of injury.15 In the fol-

lowing paragraphs, it will be apparent that advanced brain imaging

and neurophysiological techniques have disclosed residual alter-

ation of brain function at varying intervals after mTBI, even when

PCS have resolved and cognitive performance has recovered. As

described below, changes in brain activation have been docu-

mented during a resting state without imposing any task demands

on concussed persons.

A recent DTI study33 reported subacute and follow-up imaging

data that showed persistent alteration of the microstructure of white

matter tracts in the absence of cortical contusions on CT. There is

disagreement in the literature, however, about the specific changes

on DTI after mTBI and inconsistent evidence that these findings are

related to clinical indices of mTBI, cognitive sequelae, or persisting

PCS.17,33 With evolving imaging protocols, technical advances in

scanners, and new approaches to analysis of DTI,37 this technique

has potential as a biomarker for acute, if not chronic mTBI.

Resting state functional magnetic resonance imaging

(rs[fMRI]),38,39 which is recorded without presenting a task to a

subject, has disclosed alteration of functional connectivity of brain

regions comprising task related and default mode networks after

mTBI. Alteration of neural networks during a resting state has been

reported in athletes who were no longer symptomatic asfter a con-

cussion39 and in patients studied within the first 2 to 3 weeks after

mTBI resulting from various external mechanisms.33 Advantages of

rsfMRI include mitigation of group differences in performance that

may affect brain activation or complicate interpretation of task-

related fMRI.40

Task-related fMRI has also been useful in elucidating the neural

effects of mTBI. A seminal study by McAllister and colleagues40

showed that the pattern of activation associated with a working

memory task in patients within 30 days after mTBI had a different

pattern compared with uninjured subjects. mTBI patients exhibited

a disproportionate increase in the extent of activation of pre-frontal

and parietal regions when the memory load was increased to an

intermediate level, whereas a further increase in memory load had a

greater effect on activation in the uninjured subjects than the mTBI

patients. Despite persistence of PCS at the time of imaging, the

mTBI patients’ efficiency of working memory was comparable to

that of the uninjured subjects. McAllister and coworkers40 sug-

gested that this alteration in neuromodulation of brain region re-

cruitment may have resulted from mTBI-induced changes in

neurotransmitter levels.

Electroencephalography (EEG) and quantitative EEG (qEEG)

have been used in studies of subacute and chronic mTBI. The EEG

and qEEG literature is reviewed in this issue by Haneef and asso-

ciates (see Table of Contents). Subacute focal and diffuse slowing

on EEG has been widely reported and related to the duration of

post-traumatic amnesia during the first days and initial weeks after

mTBI. The reader is referred to the review by Haneef and associates

for a synthesis of various EEG characteristics during the acute,

subacute, and chronic phases of recovery from mTBI.

Magnetic source imaging (MSI) or magnetoencephalography

has also been used to characterize changes in connectivity of var-

ious brain regions after mTBI. Zouridakis and colleagues41 re-

corded resting state MSI data from 10 patients with mTBI at 3

months post-injury. Despite normal CT and neurological findings at

the time of evaluation in the emergency center, the mTBI patients

exhibited reduced long-range connectivity between homologous

cortical regions (e.g., left prefrontal with right prefrontal regions)

and in long connections such as left anterior with right posterior

regions. In contrast, shorter connections were relatively intact

compared with MSI data in healthy, uninjured subjects. These

preliminary findings raise the possibility that functional connec-

tivity on MSI could represent a ‘‘biomarker’’ for mTBI.

Brain metabolic changes induced by mTBI have been postulated

as a neural mechanism for cognitive impairment and PCS, espe-

cially during the early phases of recovery from mTBI. Magnetic

resonance spectroscopy (MRS) is a noninvasive imaging technique

that has demonstrated changes in brain metabolites in collegiate

athletes during the subacute phase of recovery from concussion.38

Ratios of N-acetyl-aspartate to choline (NAA/Cho) and to creatine

(NAA/Cre) were identified in the genu but not the splenium of the

corpus callosum of recently concussed athletes. Interestingly, the

sizes of these reductions were greater in athletes who had sustained

their first concussion compared with players who had a history of

previous mTBI.

Biomarkers measured from blood have only recently been

identified, holding the promise of diagnosing mTBI when other

findings are equivocal because of confounders such as intoxication,

multiple traumas, or pre-existing conditions. The development of

protein biomarkers, however, has not yet reached a level that per-

mits accurate differentiation of acute mTBI from general trauma.

In this overview, we present a conceptual model of mTBI, dis-

cuss methodological issues in mTBI research, efforts to improve

the validity of animal models, and critical questions that remain to

be addressed.

mTBI in translation

This Special Issue focuses on two types of translation. The first is

between animal models designed to approximate mTBI and the

translation to clinical, prospective investigation of patients with

mTBI using multimodality brain imaging. As discussed below,

reproduction of mTBI in animals similar to the clinical presentation

is inherently difficult and arguably unachievable, at least in rodents.

At the same time, the experimental studies presented in this Special
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Issue provide evidence of producing some of the acute effects of

human mTBI. The second translation emphasized here is between

civilian mTBI and mTBI in theater, which also introduces meth-

odological issues about differences between the injury mechanisms

of blast and non-blast, despite apparent similarity in the severity

and duration of impaired consciousness. In the following section,

we present a conceptual model to integrate the mechanisms of

clinical mTBI with animal models and to identify similarities and

differences between civilian and military MTBI.

The diagnosis of post-concussion syndrome requires persistence

of at least three of eight common PCS for at least 3 months,15

whereas the more restrictive diagnosis of post-concussion disorder

(PCD) also requires that onset of the symptoms occurs after the

injury or at least the symptoms worsen relative to pre-injury and

disrupt the individual’s social role performance.42 Acute traumatic

stress symptoms are measured within the first month after injury, a

period when the diagnosis of acute stress disorder can be made.

Although the diagnosis of PTSD can be made only after 1 month,

the symptoms can be evaluated using a rating scale at any time after

injury. In contrast to pre-injury risk factors, resilience to stress

enhances the prospects for resolution of symptoms and reduces the

likelihood of secondary conditions such as depression and PTSD.

In contrast, exposure to pre-injury stressors, involving the family

environment or other traumatic events, also increases vulnerability

to development of persistent PCS and possibly PTSD after mTBI

and associated trauma.

Trauma history is especially relevant in combat-related mTBI,

which is often associated with repeated exposure to life-threatening

or otherwise severe stress over a prolonged period. Scales mea-

suring combat exposure are related to the development of PTSD in

service members and veterans.43 Pre-injury cognitive ability and

level of education are indices of cognitive reserve that may buffer

the effects of mTBI. Similarly, genetic factors may also have a role

in recovery from mTBI.

Taken together with resilience to stress, these individual dif-

ferences have been postulated to explain interindividual variation

in recovery from similar injuries.

mTBI experimental models

For understanding the pathophysiology of mTBI and for de-

veloping neuroprotective treatments, an experimental model would

be invaluable. Modeling mTBI in rodents, however, has been

problematic. In most cases, the ‘‘mild’’ versions of the common

experimental models of TBI have simply been less severe degrees

of traumatic injury, and the animals do not necessarily exhibit the

clinical characteristics of human mTBI. Several commonly used

experimental TBI models include fluid percussion injury (FPI),

controlled cortical impact injury (CCI), weight drop, and impact

acceleration models.44–47 Blast injury induced with a shock tube

has also grown in interest to better model military injuries. Mild

versions of each of these TBI models have been characterized.

FPI is the oldest, most well-characterized experimental TBI

model. The severity of the injury is varied by altering the angle

from which the pendulum is dropped. The position of the injury cap

can also be varied from a midline (or central) position between

bregma and lambda to lateral position over the parietal region

lateral to the sagittal suture. The midline FPI is primarily a diffuse

injury, while the lateral FPI also has some element of a focal injury,

although in the mild versions of the models, these distinctions are

less clear. Mild lateral FPI models have been used as a model of

concussion.48 An FPI generating a pressure of 0.9 atm has been

characterized as a mild FPI in mice, causing a recovery of right

reflex time of 2–4 minutes, and mild deficits on Morris water maze

testing and rotorod testing.49

Although axonal injury assessed with amyloid precursor protein

staining was limited to the cingulum at 4 h post-injury, there was

evolution of the injury with axonal damage present in the external

capsule at 4 and 6 weeks post-injury and in dorsal thalamic nuclei at

6 weeks post-injury.50 In rats, an FPI of 1.2 atm has been described

as mTBI, producing a recovery of righting reflex at an average

93 sec post-injury, and transient behavioral abnormalities, includ-

ing a decrease in anxiety assessed by the elevated-plus maze and

slower learning on a Morris water maze task when the platform was

moved 24 h after the rats had been trained to find the platform in the

opposite quadrant.48

With CCI, the severity of injury can be adjusted by varying the

impact velocity and time of impact and by varying the amount of

brain deformation. A range of injuries from very mild to very se-

vere can be produced.51–53 The impact parameters used to produce

a mild injury vary widely from study to study, but injuries with

minimal neuronal loss have been characterized. In a mild mouse

CCI model using 0.2 mm deformation and velocity of 2.8 m/sec,

little tissue disruption was observed, and fluoro-Jade B stained cells

were few and limited to the cortex at the site of impact.54 Extensive

dendritic degeneration and reduction in the number of synapses

were also described in surviving neurons. A closed skull version of

the CCI model in mice has also been developed, using impact

parameters of 5 m/sec and 1 mm deformation.55 With a single

closed skull impact, the mice had transient mild deficits on a neu-

roscore test and small areas of axonal injury.

In a rat CCI model using 0.5 mm deformation at velocity of 6 m/

sec, mild deficits at 3 days post injury were found on rotarod and

Morris water maze testing.52 Using 3 m/sec velocity and 1 mm

deformation as a mild CCI model in rats, Abel Baki and cowork-

ers53 found that performance on a conflict active avoidance task

was impaired and performance on an active place avoidance task

was transiently impaired (day 1 post-injury). In contrast, more se-

verely injured animals (4 m/sec velocity and 2.5 mm deformation)

had persistently impaired performance on the active place avoid-

ance task.

In mice, a closed head injury weight drop model (20–30 g weight

dropped 80 cm onto the anterolateral skull) has been described.56

Anxiety assessed with the elevated plus maze was not abnormal.

Spatial learning assessed with the Morris water maze task was

impaired for up to 90 days post-injury. Non-spatial learning as-

sessed with a passive avoidance task and working memory tested

with the swim T-maze task were most impaired at 30 days post-

injury.

Mild blast injury in the mouse has been characterized using a

shock tube with a membrane rupture pressure of 26.5 pounds per

square inch gauge (psig), average static pressure of 9.9 psig, and

total pressure of 14.9 psig.57 Multi-focal axonal injury occurred,

especially in cerebellum and brainstem. Transient deficits in spatial

recognition memory using a Y-maze and motor performance on the

rotarod test were observed after the mild blast injury. No changes in

anxiety level assessed from open field activity occurred after injury.

Overall, the FPI and CCI models have the best characterization

over varied injury levels, but the closed head and blast injury

models may have more analogy in terms of mechanism of injury to

human mTBI. These models also lend themselves more easily to

repetitive injury paradigms, which may be also particularly im-

portant with mTBI.55,58,59 The current mTBI models have the

greatest usefulness in studying the underlying pathophysiology of
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brain injury and in studying the vulnerability of the injured brain to

second insults. The behavioral characteristics of the models,

however, have limited correlation with the major clinical features

of mTBI.

The ‘‘fencing response’’ in acute mild to moderate TBI is a

translational feature that has been reported in rodent FPI and

observed in videos of impacts producing sports concussion in

athletes.60 This extension of one limb concurrent with flexion of

the contralateral limb is associated with longer suppression of the

righting reflex in FPI in rats and occurs in two-thirds of sports

concussions resulting in LOC. Translational features such as the

fencing response may facilitate evaluation of interventions for

acute mTBI.

Limitations of current mild injury models

Experimental mTBI models reproduce some of the sequelae of

mTBI that occur in humans, particularly those related to learning

and memory. Some impediments remain, however, including that

many PCS described in humans are difficult or impossible to assess

in rodents, experimental TBI does not involve traumatic stress that

often co-exists in human mTBI, and PCS are transient in most

patients with mTBI—only a fraction have persistent problems. The

latter is a particularly difficult problem to model because the goal in

the laboratory is to have a very consistent model in which all ani-

mals undergoing a particular injury level have a similar outcome.

Pre-injury co-morbidities associated with traumatic injury in

patients are also difficult to model.

The PCS that have been commonly assessed after mTBI in ro-

dents are anxiety, depression, balance/coordination problems,

and cognitive difficulties.61 Anxiety has been assessed using the

elevated-plus maze in which a decreased time spent in the open

arms of the maze indicates heightened anxiety. Depression has

been assessed using a forced swim task in which increased time

spent immobile suggests a depression-like behavior. Sensory sen-

sitivity has been assessed with a whisker nuisance task, in which

whisker stimulation elicts aggravated behavioral responses after

mild FPI.62,63 Balance/coordination has been studied with beam

balance and walking tasks, and the rotarod task.

Spatial learning and memory has been tested with Morris water

maze and other maze tasks. Non-spatial learning has been tested

with passive avoidance tests or novel object recognition test.

Conflict active avoidance tasks may be particularly sensitive for

mTBI.53 Working memory can also be tested with Morris water

FIG. 1. Conceptual model of mTBI in humans, including pre-injury host factors, moderating effects of environment, injury mech-
anism and number of injuries, associated trauma exposure, and concomitant injuries. Co-morbid conditions exacerbate the effects of
mTBI, whereas a supportive post-injury environment and intervention may mitigate the effects of mTBI. Host factors, including age,
genotype, cognitive and brain reserve, may also moderate the effects of mTBI. Adapted from a figure provided by Randall Scheibel,
PhD, and Elisabeth Wilde, PhD.
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maze using a modified testing paradigm. Symptoms that are com-

mon in humans with mTBI but which cannot be readily assessed in

rodents are headache, dizziness, nausea, irritability, fatigue, ringing

in ears, visual disturbances, and sleep disorders. Development of

more sensitive behavioral tasks for use in mTBI models would help

advance the field.

In humans, mTBI symptoms overlap and are inherently linked

to PTSD symptoms, especially in combat-related injury. PTSD can

be modeled in experimental animals, using fear conditioning.

Experimental models of mTBI, however, involve injury under

anesthesia and do not generally capture the stress element of a

traumatic injury in humans. Other aspects of the experimental

paradigm, including transportation and anesthesia, have been

shown to alter anxiety level, and these conditions plus sounds of an

explosive blast were found to cause an increased serum cortico-

sterone levels and altered biochemistry in amygdale and ventral

hippocampus.64 These findings suggest that some behavioral

characteristics that might be evaluated as effects of mTBI could be

confounded by stress in experimental models as well. This aspect

needs further study, especially in mTBI models.

Because the symptoms are mild and transient, drug effects are

more difficult to assess in mTBI models. It is not clear what im-

provement in behavioral tasks in a rodent model would indicate a

meaningful improvement in humans. Additional work is needed to

determine if a more rapid return to normal performance of a rodent

behavioral task with an experimental drug treatment indicates that

the drug would reduce the severity of PCS in a patient with mTBI.

Summary and Conceptual Model of mTBI

Figure 1 shows the effects of mTBI and concomitant injuries

over time. As represented in Figure 1, exposure to pre-injury

stressors involving the family environment or other traumatic

events increase vulnerability to development of persistent PCS and

possibly PTSD after mTBI and concomitant trauma. Trauma his-

tory is especially relevant in combat-related mTBI, which is often

associated with repeated exposure to life-threatening events or

otherwise severe stress over a prolonged period. Scales measuring

combat exposure are related to the development of PTSD in service

members and veterans.43 Pre-injury cognitive ability and level of

education are indices of cognitive reserve that may buffer the

effects of mTBI. As seen in Figure 1, genetic factors may also have

a role in recovery from mTBI.

Taken together with resilience to stress, these individual dif-

ferences have been postulated to explain interindividual variation

in recovery from similar injuries.

Past mTBI could have additive effects with the current

mTBI,24,65 and co-morbidities, both medical and psychiatric, can

affect recovery. As seen in Figure 1, the post-injury environment

could moderate recovery. A supportive environment in which the

person gradually resumes activities may enhance resolution of

PCS, whereas premature demands to resume full responsibilities

despite residual PCS and cognitive deficit may lead to secondary

anxiety and depression66 and prolong secondary brain insult, such

as inflammation and excitotoxicity. Empirical testing of current

regimens, such as ‘‘cognitive rest’’ with gradual resumption of

physical training, however, is needed to determine the optimal post-

injury environment.

Moderation of these effects by host factors is also represented in

civilians and service members. Presence of pre-injury psychiatric

conditions, particularly anxiety-related disorders, is predictive of

persistent PCS after mTBI,1 including cognitive and somatic

symptoms in addition to emotional manifestations such as de-

pression, anxiety, and stress-related symptoms. PTSD is a frequent

co-morbidity that often intensifies over time in military mTBI, but

it is less common in civilian injuries. Depression is a common co-

morbidity or secondary condition in both civilian and military

mTBI, however. As noted earlier, the military population at risk for

mTBI is more homogeneous than civilians in regard to demo-

graphic features, but the combined presence of blast and non-blast

mechanisms complicates the characterization of military mTBI.

Directions for Research

mTBI sequelae often compromise performance of work and

leisure activities for periods of weeks to months, and the economic

burden of these injuries is enormous because of the high incidence

of this condition. In civilian mTBI, the presence of pre-injury

conditions, results of brief assessment during the subacute phase,

and resting state fMRI are potentially useful in identifying a high-

risk subgroup of patients in whom an intervention or at least

monitoring progress could mitigate secondary conditions such as

post-concussion syndrome. A similar strategy may also be useful in

military mTBI. Development of an effective, early intervention to

mitigate the sequelae of mTBI would be facilitated by translational

research and clinical trials to evaluate treatments that are emerging

from animal model research. Multidisciplinary collaboration and

multicenter clinical trials would enhance this proposed program of

research. Advances in brain imaging and biomarkers may facilitate

detection of mTBI and its differentiation from general trauma and

other causes of altered consciousness. Further research is necessary

to achieve this goal, however. Finally, research is also needed to

refine the predictive value of advanced brain imaging techniques

and emerging biomarkers.
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