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Abstract

Although many patients diagnosed with traumatic brain injury (TBI), particularly mild TBI,
recover from their symptoms within a few weeks, a small but meaningful subset experience
symptoms that persist for months or years after injury and significantly impact quality of life

for the person and their family. Factors associated with an increased likelihood of negative

TBI outcomes include not only characteristics of the injury and injury mechanism, but also the
person’s age, pre-injury status, comorbid conditions, environment, and propensity for resilience.
In this article, as part of the Brain Trauma Blueprint: TBI State of the Science framework, we
examine the epidemiology of long-term outcomes of TBI, including incidence, prevalence, and
risk factors. We identify the need for increased longitudinal, global, standardized, and validated
assessments on incidence, recovery, and treatments, as well as standardized assessments of the
influence of genetics, race, ethnicity, sex, and environment on TBI outcomes. By identifying how
epidemiological factors contribute to TBI outcomes in different groups of persons and potentially
impact differential disease progression, we can guide investigators and clinicians toward more-
precise patient diagnosis, along with tailored management, and improve clinical trial designs, data
evaluation, and patient selection criteria.
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Introduction

Traumatic brain injury (TBI) is a global public health concern and one of the leading causes
of death and disability, with an estimated 64—74 million persons sustaining a TBI each
year.1 TBI is traditionally identified as mild, moderate, or severe at the time of injury by

a measure called the Glasgow Coma Scale (GCS). Although most of the literature on the
outcomes and long-term effects of TBI focus on moderate-to-severe cases, mild TBI (mTBI)
has the highest rate of emergency department (ED) visits. Notably, “mTBI,” “concussion,”
and “minor head injury” are often used interchangeably, but in this report we use mTBI1.276
Internationally, the majority of TBIs (75-90% of reported cases as assessed by the GCS)
tend to be mild.”® Globally, total cases are likely underestimated, given that many mTBIs
go undetected, untreated, and unrecorded because of the lack of a national TBI registry that
could be used to obtain comprehensive data on TBI. Although the lifetime prevalence of
mTBI is difficult to assess, a global incidence rate is estimated at 100-749 cases per 100,000
persons,?-14 or ~55.9 million persons.! In the United States, an estimated 2.87 million
TBI-related ED visits (~2.5 million TBI ED visits with ~1% being for mTBI, 288,000
TBI-related hospitalizations, and 56,000 TBI-related deaths) were reported in 20141%; ~43%
of these will experience long-term disabilities.16:17

TBIs are attributed to several mechanisms of injury, including falls, motor vehicle or

other types of road injuries, sports-related injuries, and interpersonal physical violence or
violence by other means (e.g., blast injury). These injury mechanisms vary by geographical
region, socioeconomic factors, age, and sex. Indeed, stratifying by geographical region can
illuminate clear differences in injury type and overall burden of disease.18 For example,
incidence of TBI—of all severities—is highest in the United States and Canada, but
Southeast Asian and Western Pacific regions experience the greatest overall burden of
disease.l Low- and middle-income countries experience nearly 3 times more TBI cases
proportionally than high-income countries; this is attributed to a higher prevalence of risk
factors for TBI causes (e.g., motor vehicle crashes) and differences in health systems for
patients to seek medical care and address associated health effects. With respect to age,
TBI shows a bimodal distribution with the highest incidence in the youngest and oldest age
groups.1® These age groups are likely more susceptible to TBI because of increased risk for
various causes of injury, such as falls in children under the age of 4 (839 per 100,000) and
falls in the elderly over the age of 75 (599 per 100,000), as well as motor vehicle crashes in
adults ages 15-24 (236 per 100,000).15

Mild TBI makes up 10-15% of all sports-related injuries across the age spanl?; ~283,000
children seek care each year at an ED because of sports-related TBI, with the highest

rates among males and children between 10 and 17 years of age.29 Although injuries

from non-sports activities occur across children’s life spans, sports-related injuries increase
around age 6 and peak during the teenage years, a time when children are engaging more
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frequently in organized sports.2 Males account for a significantly greater proportion of all
TBIs than females, with annual incidence rates being 388 per 100,000 males versus 195 per
100,000 females at all ages.1222 Whereas males have a higher incidence of concussion in
some contact sports such as football,20 females have a higher rate in sex-comparable sports
such as soccer.23

Incidence of TBI is higher in the military compared to the civilian population.24 This is
attributable, in part, to the physically demanding and potentially dangerous operational and
training activities and the associated risk for blast exposures from improvised explosive
devices, suicide bombers, land mines, mortar rounds, and rocket-propelled grenades.2
Incidence is higher for those in the Army compared to the Navy, Marines, or Air Force and
more so for those on active duty than those who are not on active duty. From 2000 through
the third quarter of 2019, >413,000 U.S. military personnel worldwide were diagnosed with
a TBI; ~83% of cases were considered mild, 10% moderate, and 1% penetrating or severe.26
Similar to civilian populations, females in the military experience TBI at a lower rate, but
report more neurobehavioral symptoms after mTBI than their male counterparts,27-33 likely,
in part, because they often experience TBI secondary to interpersonal violence or military
sexual trauma, but also because they are more likely to be screened for TBI than males.34:35

Despite the many epidemiological studies focused on measuring the prevalence of TBI,
the true prevalence of TBI is still unknown among populations for which access to care
may be limited (e.g., underserved or rural populations) or for which reporting of TBI may
be viewed as detrimental to career aspirations (e.g., military, athletics). In addition, the
statistics/incidence rates described above indicate the acute effects of exposure to a TBI;
80-85% of those who sustain an mTBI fully recover within 3 months.36 What remains less
understood is the incidence, prevalence, and risk factors for the chronic effects of TBI. In
the following sections, we summarize the current literature regarding the epidemiology of
chronic TBI within key populations and describe how the long-term sequelae of TBI both
present with overlapping symptoms and are associated with increased comorbidity with
other diseases. We then provide considerations for designing studies that more fully account
for the long-term consequences of TBI.

Variables That Impact Traumatic Brain Injury and Outcomes

TBI is increasingly described as a chronic health condition, given that evidence indicates
that the health effects of TBI can persist over time, particularly for persons who experience
moderate-to-severe TBI.37:38 Many persons with mTBI recover within a short time frame,
but recent studies indicate that the effects of a mTBI in children and adults can persist

for a year or longer.39-42 These findings indicate the need for improved follow-up and
management pertinent to the age of the patient.43:44

Although discussing all of the factors that affect TBI recovery is beyond the scope of

this article, we highlight a few critical sociodemographic categories that are especially
meaningful across the life span. Injury-related, personal, and environmental variables can
have a strong impact on an individual course of recovery in children.#® Indeed, reports have
shown that pre-injury functioning, family factors such as parenting styles, and intellectual

J Neurotrauma. Author manuscript; available in PMC 2022 May 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haarbauer-Krupa et al. Page 4

ability can predict outcome,*647 highlighting the importance of these variables in reducing
the impact of a pediatric TBI. For example, one study explored health inequities experienced
by children with chronic health conditions, including TBIs of all severities, and how the
inequities affect long-term mortality and chronic symptoms.*8 The researchers identified
serious racial and ethnic health and healthcare inequities in these children. In addition, a
2006 review noted that black children experience more TBI-related hospitalizations and have
a higher TBI-related mortality rate than children who are white.*® These findings suggest
that general health disparities experienced by minority children may increase the likelihood
that those with a TBI will experience condition-related health disparities.

Consistent with this concept, children who have private health insurance show lower
mortality rates after TBI than those with public insurance or those who are un-insured;
further, there is a higher TBI prevalence in states with greater levels of private insurance,
suggesting inadequate recognition of TBI among children with less access to care.>0
Disparities also exist across the spectrum of care for adults with TBI, partially attributable to
the heterogeneity of available resources. In rural versus urban settings in the United States,
TBI (in most cases severe TBI, though it is not clearly reported) is associated with higher
mortality rates.>! This could be a product of reduced access to pre-hospital care, trauma
centers, neurosurgical interventions, or rehabilitative services. However, people with a TBI
who live in rural areas report equivalent satisfaction with their quality of life despite having
potentially lower levels of medical resources and reduced social participation.>2

Recent studies on adults with mTBI seeking care in EDs revealed several issues related
to their care and outcomes: 1) pre-injury factors such as mental health diagnosis, medical
history of other health conditions and comorbidities, and previous TBIs are associated
with persistent symptoms after mTBI°3:54; 2) lingering functional impairments influence
emotional health after mTBI°® and can contribute to other injury-related difficulties that
affect a patient’s lifestyle at 1 year post-injury®>:°6; and 3) these factors can compound
and influence other socioeconomic factors, such as employment and insurance, but also
necessitate the need for medical follow-up.%’

Sex must also be considered when describing the impact and outcomes of TBI.

Females comprise approximately half of all TBI-related ED visits, 41% of TBI-related
hospitalizations, and 27% of TBI-related deaths.?8% However, these may be underestimates
given that a brain injury may go unreported or undetected, especially when the injury is
mild. Indeed, although there are no national prevalence estimates for TBI as a result of
intimate partner violence, studies in shelters or EDs show that 30—-74% of women who
experience intimate partner violence have a history of TBI, highlighting the importance and
frequency of this occurrence. When women do go to the ED, healthcare providers might

not recognize that the symptoms experienced by victims of interpersonal violence could

be the result of a TBI.50 In addition to specific types of violence contributing to TBI,
hormonal factors may impact recovery outcomes in females. Although the research is still

in its infancy and pre-clinical and clinical studies are necessary to determine the underlying
neuroprotective effects of hormones,®® it is clear that circulating estrogens may elicit a
differential pain response®2:63 and the reduction of progesterone concentration after TBI can
lead to a withdrawal from its proposed neuroprotective properties.5
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Long-Term Sequelae of Traumatic Brain Injury

Patients of all ages often present with a heterogeneous combination of symptoms that

can progress in nature and involve multiple pathophysiological mechanisms after a brain
injury of varying severity.55-67 These biological mechanisms can cause excitotoxicity,
apoptosis, inflammatory events, seizures, demyelination, white matter pathology, and
neurodegeneration, resulting in prolonged motor and cognitive deficits.5568 Some TBI
symptoms may occur early and improve or worsen over time, whereas others may develop
later in the course of recovery.6” Although symptoms resolve for a majority of persons who
experience mTBI in ~3 months, some continue to experience symptoms at or beyond 1

year post-injury.5® Estimates indicate that between 15% and 30% of persons who experience
an mTBI suffer symptoms long after exposure,’9-74 as indicated by imaging findings, age,
population studied, time of initial assessment, and patient presentation.” Although these
percentages are likely an underestimate, studies are beginning to reveal that even a single
mTBI might manifest as a measurable cognitive impairment as early as 3 months after
injury. Unfortunately, research exploring the long-term consequences of mTBI remains in its
infancy. Moreover, disputes in the interpretation of data have arisen because of insufficient
methods to detect subtle changes, flaws in quantitative analyses,”> 6 and failure to account
for the heterogeneity in symptom presentation, sociodemographic factors, environmental
factors, and treatment/outcome trajectories.

The sections below break down the chronicity of TBI into subpopulations, although each
of these groups shows even further heterogeneity in the presentation and outcomes of the
disease. Exploring the variations in presentations can facilitate approaches to achieve better
follow-up over time and target therapies toward specific patient populations using precision
medicine.

Long-term outcomes in children

Every year, ~500,000 children <14 years of age sustain TBIs severe enough to require

visits to the ED,” with young children 0-4 years of age having the highest rate of ED
visits.15 Similar to the general population, symptoms subside in most pediatric patients with
mTBI within a couple weeks of injury and between 70% and 80% fully recover within 3
months.”8-80 Those who have persistent symptoms after 3 months usually report headaches,
fatigue, and frustration, with ongoing headaches being the most common symptom.81

A number of wide-ranging factors impact the persistence of symptoms, including age,
sociodemographic factors (e.qg., race/ethnicity), comorbidities with other mental health or
neurological disorders, learning difficulties, and family and social stressors.82 These factors
can lead to long-term detriments in a range of functions, including school performance

and social participation,8 as well as long-term impairments in health, cognitive, emotional,
behavioral, family, and other social outcomes (for a review, see a previous work?9).

Relatively few studies have examined the long-term consequences of mTBI in children.1®
However, delayed sequelae from mTBI have been reported in children (either from sports-
related events or non-sports-related events such as falls or motor vehicle crashes). Indeed,
recent reports indicate persistent or emerging deficits in cognition, behavior, and mental
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health3942; these deficits appear to be independent of the injury mechanism, duration of
time post-injury, and age at the time of injury.3® Emerging research has also established

that after a mTBI, children (and adults) have difficulty with visual smooth pursuit, saccades,
vestibular-ocular reflex, convergence, and gait at the time of diagnosis.84:8° These vestibular
and oculomotor impairments may be associated with worse outcomes and, given that they
can be identified early in the clinical profile, may help to better inform treatments and
interventions early after an injury.84:86

Some deficits may persist or appear later in time as a result of developmental processes
involved in brain maturation and might interfere with academic achievement, disrupt
psychosocial functioning regardless of injury severity,42:45.87.88 or increase susceptibility
to a variety of health and neuropsychiatric conditions, including learning disorders (21%),
attention-deficit/hyperactivity disorder (ADHD; 21%), speech/language problems (19%),
developmental delay (15%), bone, joint, or muscle problems (14%), and anxiety problems
(13%).50 Importantly, these findings indicate that comorbid conditions might occur at higher
rates; indeed, one study found that when a child under the age of 10 (and especially

if the injury occurred before 5 years of age) experienced a mTBI sufficient to warrant
temporary hospitalization, they were likely to show adverse psychosocial outcomes (e.g.,
hyperactivity/inattention) and present with conduct disorder behaviors at ages 10-13.42 In
addition to longer-term effects, children who experience an injury across the pediatric life
span, including those in elementary school, are at higher risk for exposure to additional
mTBIs, which can impact their outcomes.85:89

A few studies have summarized the chronic features observed in pediatric mTBI (see an
earlier work® for a review), and a limited number of studies have assessed outcomes in
adults who experienced a TBI as a child. For example, a recent study examined adults who
experienced a childhood TBI in a Swedish birth cohort, comparing them to siblings who did
not experience an injury.?% Findings from this and similarly designed studies indicate that
persons who experience a childhood TBI have lower rates of enrollment in post-secondary
education, are less likely to be employed or live independently, and are more likely to work
in entry-level or low-skilled jobs when compared to those with other disabilities or persons
who have not experienced a TB|.19.90-%6

Biological and environmental circumstances are difficult to separate as risk factors for TBI
outcomes. Studies have reported a high prevalence of TBI in young persons entering the
justice and prison systems. For example, a 2015 study evaluated the prevalence of TBI
based on self-reported history among 93 male participants 15-18 years of age in a juvenile
facility. Approximately 82% had experienced at least one TBI that resulted in being knocked
out or dazed and confused, and 44% reported ongoing symptoms.®’ Longitudinal studies
have found associations between TBI in childhood and subsequent increased criminality
and conduct problems later in life.%8 Moreover, a cohort study of prison inmates found that
those with a self-reported TBI history were more likely to be rearrested sooner than those
without a TBI history.%9 This association between TBI and criminality could be the result of
long-term TBI-related impairments that affect the person’s ability to regulate behavior and
affect attention capacity and/or interpersonal skills. Alternatively, the TBI might have been
the result of novelty seeking and low harm avoidance in persons prone to risky behaviors.
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Indeed, a larger proportion of juvenile offenders who have experienced a TBI were injured
because of a fight, road traffic accident, or fall compared to non-offenders.” However,
history of substance use is also associated with TBI and juvenile delinquency, making these
relationships more complex.100

Although the majority of pediatric mTBI studies report on psychosocial outcomes, many
gaps remain in this research. Indeed, no study to date has assessed: 1) longitudinal
changes in the developing brain after mTBI; 2) age-related differences in injury mechanisms
contributing to long-term consequences; 3) long-term anatomical changes associated with
injury (e.g., diffuse axonal injury, swelling); and 4) genetic and sociodemographic factors
contributing to long-term consequences. Further, two studies have noted that the existing
research on mTBI in children suffers from severe methodological shortcomings, including:
1) variable definitions of mTBI; 2) lack of inclusion/exclusion criteria; 3) the underlying
assumption that children with mTBI are a homogenous group; 4) lack of inclusion of a
control group with no TBI or other injury; 5) failure to control for pre-injury risk factors;
6) inadequate sample sizes; and 7) lack of standardized tests to measure outcomes and
longitudinal designs.’>:80

Long-term outcomes in adults

As previously discussed, men are more likely at every age to experience TBI than women,
although women are more likely to report chronic sequelae; less-educated persons and
those with a previous mental health diagnosis are also more likely to report persistent
symptoms.22:101 Symptoms commonly associated with chronic sequelae include cognitive
(e.g., attention difficulties, memory problems, and executive dysfunction) and social
deficits.192 Indeed, an age-matched prospective cohort study assessed long-term social
cognition after mTBI in adult civilians.193 Four years after injury, the TBI group showed

a significant reduction in social inference—interpreting verbal and non-verbal social cues—
even after controlling for cognitive functioning, suggesting that even mTBI can potentially
impact overall functioning. In another study using mild-to-moderately injured patients,
younger adults (ages 23-63 years) reported more psychological symptoms, such as anxiety,
whereas older adults (65-91 years of age) reported more physical symptoms, such as
fatigue, balance, and coordination problems.#4 Other studies have found that mTBI across
the age span is associated with persistent headache,194 vestibular dysfunction,195 depression,
and cognitive complaints.196 Adults with sports-related concussion compared to those
without a concussion history showed significant cognitive deficits in verbal memory, recall,
and attention 10 years after retirement.107

Studies assessing the long-term (>1 year) consequences of mTBI in adults are sparse. The
paucity of longitudinal research is complicated by 1) lack of a clear definition of post-TBI
brain symptoms or interpretation of individual reports; 2) lack of standard controls (many
controlled studies use injured patients spared of TBI); 3) selection bias; and 4) poor follow-
up. Taking many of these factors into consideration, studies have revealed that patients who
have three or more symptoms at the time of injury also report new or worse symptoms

1 year post-injury.198.109 More recently, investigators from the Transforming Research and
Clinical Knowledge in TBI (TRACK-TBI) study found that less than half of adults with
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mTBI who present to a level 1 trauma center return to pre-injury levels of daily functioning
at 1 year based on self-report.56 The factors contributing to delayed or incomplete recovery
include comorbid psychiatric disorders, age at time of injury (see more below), abnormal
acute neuroimaging, expectation of poor outcomes, and repetitive injuries (see an earlier
work110 for additional details).

It is beyond the scope of this article to explain how each factor contributes to delayed or
incomplete recovery; however, it is critical to highlight two factors reported in the literature:
repetitive injury and age. Although the prevalence of repetitive mTBI is less clear, it is
understood that previous TBI is a risk factor for future TBI and incomplete recovery.111
Indeed, multiple insults can produce cumulative effects and lead to long-term consequences,
including age-related neurodegenerative disorders.112 Repetitive injuries, including hits to
the body that can cause subconcussive TBIs, occur mostly through contact sports and do not
produce gross structural or detectable functional changes in the brain parenchyma. However,
the cumulative effects may result in four major clusters of symptoms: cognitive, behavioral,
mood, and motor disturbances.13 Repetitive injury has been assessed most thoroughly
among contact sports such as American football. These athletes have increased risk for death
by suicide, diminished cognitive functioning, macrostructural, microstructural, functional,
and neurochemical changes, and increased propensity for death from neurodegenerative
causes such as dementia or Alzheimer’s disease.19:113.114

Older persons are more likely to sustain a TBI by falling,11® be hospitalized following

their injury,87:115 and suffer from severe injuries as a consequence of their fall.#4111 Given
that cognitive and physical abilities in adults diminish with age, the lasting consequences
of a TBI of any severity might result in a greater impact on daily living. Among persons
who receive inpatient care for a moderate-to-severe TBI, older persons are more likely to
die within 5 years.87 In addition, older age groups show a greater amount of decline in
cognitive and motor outcomes after a TBI compared to their younger counterparts with
similar-severity injuries and require more assistance or supervision with increasing age >50
years. In a similar cohort, older persons were associated with poorer medical, functional,
and participation outcomes than their younger counterparts.116 These more-severe outcomes
suggest that older persons are more susceptible to experiencing a TBI, have a higher
incidence of ED visits for TBI, are more vulnerable to the deleterious effects of TBI, and/or
have symptoms that are exacerbated by the state of their health going into the TBI.

Long-term outcomes in military populations

As in civilian populations, the majority of military-related TBIs are classified as
mild.117.118 Unfortunately, the long-term clinical impact of military-related injuries remains
incompletely described, most likely because the studies are restricted to single-cohort
evaluations, retrospective analyses, and self-reports.119.120 Moreover, similar to civilian
samples, there are few standardized requirements for diagnosis or available treatments for
TBI, leaving many injuries unreported. Despite the failures of previous studies, research
assessing TBI in the military population have consistently reported poorer outcomes on the
Glasgow Outcome Scale-Extended compared to civilian studies at all severities.120-124 One
prospective study of active-duty U.S. military personnel examined longitudinal outcomes

J Neurotrauma. Author manuscript; available in PMC 2022 May 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haarbauer-Krupa et al. Page 9

among four groups of combat-deployed service members: control (no TBI or blast), blast
control (no TBI), mTBI only, and blast plus mTBI. The analyses found that service members
with mTBI and those with blast plus mTBI had significant neurobehavioral impairment and
more-severe depression and post-traumatic stress disorder (PTSD) symptoms compared to
combat-deployed controls; outcomes for blast controls fell between those two groups and
controls.120

Another longitudinal study compared 5-year clinical outcomes of active-duty U.S. military
after mTBI and blast injury to combat-deployed control persons.12° Participants in the
mTBI group had no previous history of TBI. The study found that global disability,
satisfaction with life, neurobehavioral symptom severity, psychiatric symptom severity, and
sleep impairment were significantly worse in those with blast mTBI compared with combat-
deployed controls. These differences in outcomes suggest that the underlying mechanisms
and etiology may differ based on the injury type and that treatment options that work in
civilians may not necessarily translate to the military population.

Some aspects of the chronic impact of combat-related TBI are focused on social function.
Although the majority of these studies use moderate-to-severe TBI cohorts, the trends
appear to be similar even with mild injuries.126-128 Community reintegration studies
suggest differences in social function between civilian and military populations with TBI.
Indeed, approximately half of veterans with TBI report difficulty readjusting to civilian life,
with even worse social function among those who are also diagnosed with PTSD,129.130
Civilian studies have found that TBI itself, rather than mental health, is associated with
less-favorable community reintegration outcomes.126-128.131 Similarly, a study in veterans
confirmed that military TBI exposure is associated with long-term impacts on social

and family functioning, community reintegration, and the ability to return to work, even
after controlling for PTSD comorbidity and combat experiences.12® Sociodemographic
characteristics may also account for some of these outcomes. For example, veterans with
lower education report lower levels of social support and family functioning, and women
report significantly more difficulty with community reintegration compared to men.129

Comorbidities with Traumatic Brain Injury

A significant long-term consequence of TBI is the association with and susceptibility

to comorbid psychiatric and neurological conditions. As described in previous sections,
several health conditions are associated with risk for TBI and outcomes after TBI. These
complex patterns of comorbidity complicate diagnosis and treatment and suggest that

the disease course may be modifiable. Given that the field is moving toward an era of
precision medicine, this raises the question: How can researchers assimilate this complexity
to appropriately evaluate individual presentations and, ultimately, better treat patients and
improve health outcomes?

Association of traumatic brain injury with dementia

TBI in adults has been identified as an early risk factor for Alzheimer’s disease and
dementia.132 This phenomenon has been well documented in veterans who sustained a TBI
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of any severity.112.133-138 ynfortunately, findings are mixed and can depend on the study
design. For example, two prospective studies failed to find an association between TBI and
Alzheimer’s disease.139.140 though the former indicated that TBI with loss of consciousness
(LOC) is associated with risk for Lewy body accumulation, parkinsonism, and Parkinson’s
disease, but not non-parkinsonism dementia, Alzheimer’s disease, neuritic plaques, or
neurofibrillary tangles.139 By contrast, multiple retrospective studies have found significant
correlations between mTBI and increased risk for dementia. Indeed, a retrospective cohort
study of 188,764 U.S. veterans >55 years of age examined the association between TBI

and the risk of all-cause dementia.136 mTBI was associated with a 60% increased risk

of developing dementia over 9 years, after accounting for competing risks and potential
confounders.138 Importantly, the results showed an additive association between mTBI and
other conditions, such as PTSD and depression, on dementia risk. A subsequent study
examined the role of TBI severity in the association between TBI and dementia diagnosis
in veterans.112 Whereas mTBI without LOC was associated with a >2-fold increase in the
risk of dementia diagnosis, consistent with an independent report, 141 those with moderate or
severe TBI had a nearly 4-fold risk of dementia.

Another recent study used national registries to form a very large cohort (>2 million people)
and found an association between mTBI and increased risk of dementia and Alzheimer’s
disease when compared to persons with non-TBI trauma.133 Risk of dementia in older adults
was the highest the first 6 months after injury and increased with an increasing number

of TBI events. However, age and sex must also be taken into consideration. For example,
younger age of sustaining a TBI was associated with greater risk for subsequent dementia,
but patients with mTBI only showed an increased risk for dementia at =65 years. This
finding is in line with the study described abovel33 and other studies that only included
persons >65 years of age.142 Finally, a cohort study examined whether TBI, PTSD, or
depression increase dementia risk among older female veterans.143 The results showed

that women with these conditions had a 50-80% increased risk of developing dementia
compared to women without these diagnoses; those with more than one condition had

a 2-fold increased risk of dementia. Research on the association of TBI and dementia

is complex, with inconsistencies in study findings and evolving results that can be
controversial.

Association of traumatic brain injury with psychiatric disorders

The long-term neuropsychiatric sequelae of TBI seldom occur in isolation, with between
30% and 50% of adults with a moderate-to-severe TBI presenting with a psychiatric
iliness, such as depression after trauma.144 Evidence suggests that TBI increases the risk
of developing mood and anxiety disorders, substance-use disorders, and psychosis.14> In

a study of 60 persons who suffered from a TBI of any severity, around half developed a
new psychiatric disorder after injury, with significantly higher lifetime rates of depression
(26% vs. 8%), panic disorder (8% vs. 1.6%), and psychotic disorders (8%) than base
rates.146 In the Epidemiologic Catchment Area study, severe TBI with LOC or confusion
was associated with major depression and anxiety disorders.14” TBI is also associated with
chronic pain,148 suicidality,14° substance-use disorders,1°0 and sleep disturbances.15! Other
studies have indicated varying rates of psychiatric disorders, including depression (18.5—
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61.0%),152 obsessive-compulsive disorder (1.6-18%), psychotic disorders (0.1-9.8%),153
and substance-use disorders (34.9-51.0%),154.155 jn TBI of all injury severities.

Among the youth population, those with TBI show increased risk of comorbidity as

well, particularly with ADHD and mental health issues.156 Children in particular are at
increased risk for psychological consequences from TBI,%7 including social/behavioral
disorders (odds ratios ranging from 1.40 to 27.11 at 12-month follow-up),1%8 increased stress
responses (e.g., PTSD or other anxiety disorders), and other behavioral problems.*2 Most
mTBI studies in children have reported these effects within a few years of injury. Although

a birth cohort study has offered insight into the occurrence of health and social outcomes of
TBI during childhood, it is unclear how this applies to children who experience mTBI.

Importantly, psychiatric comorbidities can affect TBI recovery and the effects of TBI

over time. Persons who experience a TBI and associated comorbidities show symptom
overlap, and variability in symptom presentation, making it challenging to address the
chronic symptoms of a TBI. Unfortunately, despite indications that TBI increases the risk

of psychiatric disorder, it remains unclear and poorly understudied how mTBI contributes to
the increased risk of developing comorbid psychiatric disorders in both adults and children.
A recent study that examined adults with mTBI seen in an ED setting indicated that pre-
injury psychiatric issues contribute to more-severe TBI symptoms and psychiatric symptoms
at 3- and 6-months post-injury,159 emphasizing the importance of taking a medical history at
the time of diagnosis to better understand psychiatric outcomes related to mTBI.

Association of traumatic brain injury with post-traumatic stress disorder

Many TBIs occur as a result of traumatic events (e.g., interpersonal assaults, motor vehicle
crashes, domestic violence, or military combat), and this can lead to a neuropsychiatric
dimension of the brain injury. Epidemiological data confirm that PTSD can develop after

a TBI within both the civilian and military populations. One study with >1000 patients
presenting at a civilian trauma center reported that patients with an mTBI were twice

as likely to develop PTSD 1 year later compared to those who did not have a TB1.160
Another study examined the incidence and factors associated with PTSD in participants with
mTBI from the TRACK-TBI study; ~27% of patients with an mTBI screened positive for
PTSD at 6 months post-injury.23 Screening positive for PTSD was significantly associated
with concurrent functional disability, post-injury psychiatric symptomatology, decreased
satisfaction with life, and decreased performance in visual processing and mental flexibility.

Among military personnel with a history of TBI of any severity, 32-39% meet the diagnostic
criteria for PTSD.161 Indeed, in a sample of nearly 50,000 U.S. Air Force members, those
who presented with mTBI (n = 5065; 10.2%) were at increased risk of PTSD.162.163 pTSp
symptoms typically emerge 1-3 months after TBI and peak at ~6 months.53 With the strong
association between these disorders, their symptom overlap, and their combined negative
effect on outcomes, it will be important to better understand the relationship between TBI
and PTSD. Existing research has applied functional neuroimaging to distinguish PTSD and
TBI patients from healthy controls, identify separate signatures for TBI and PTSD, and
detect their co-occurrence in highly comorbid samples!12:143.164 (wilde and colleagues, this
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issue). Thus, neurcimaging approaches may be useful for identifying and understanding the
connections, overlap, and distinct comorbidity patterns in persons with TBI.

Conclusion

TBI is common and has a large individual and societal burden because of its high
prevalence, risk for long-term effects of the injury, loss to the work force, burden to
healthcare systems, and impact on enviromnetal issues such as family burden, social
participation, and health inequities. Comorbidities abound, affect outcomes, and confound
efforts to define outcomes that are uniquely associated with TBI. Most studies examining
TBI outcomes have focused on trajectories for persons experiencing moderate-to-severe

TBI at the time of injury; however, research on the longer-term consequences of mTBI

is emerging across the life span and is a critical component to understanding the overall
burden of TBI. Despite advances in our understanding of mTBI, including epidemiological
factors contributing to disease progression, new therapies to treat the consequences of the
long-term sequelae are limited. The factors associated with TBI outcomes are complex and
include characteristics not only of the injury, but also of the patient, such as age, pre-injury
status, sex, comorbid conditions, environment, and propensity, for resilience to support
recovery. Moreover, there is limited research on adult outcomes for persons who experienced
a TBI during childhood, a time of rapidly changing development. Currently available reports
indicate lower levels of subsequent employment and education as well as a high rate of
involvement with the justice system for adults reporting a childhood TBI. Perhaps having a
clear understanding of these factors will assist future clinical research designs and allow for
more personalized testing of therapeutics to treat the long-term sequelae of mTBI.

Several future research directions could advance our understanding of the epidemiology of
TBI.165 For example, we lack a complete understanding of the nexus of TBI and resilience;
the influence of race, ethnicity, and sex on TBI outcomes; and the interaction of genetics,
biomarkers, and behavior over time. Longitudinal global assessments on incidence, recovery,
and treatment would also propel the research forward. Continued long-term outcome studies
should expand the work to examine mTBI in the general population across the life span.
Another important need is the development of standardized, validated assessment and
outcome metrics, as well as a central organization to collect and interpret results of ongoing
efforts.

Finally, future work should explore the biological underpinnings of the injury and
trajectories for symptom improvement while considering individual behavior, medical
history, and environment. Existing taxonomies focus on severity as mild, moderate, or severe
based on duration of LOC and post-traumatic amnesia and measures such as the GCS or
Abbreviated Injury Scale.166-168 Although each approach has demonstrated strengths, they
also have weaknesses.169 For instance, an analysis of the CENTER-TBI European cohort
study170 used a clustering approach with injury information and physiological data from
the first 2 weeks after injury and found four severity-focused clusters that were informed
not only by the GCS, but also by the mechanism of injury and presence of extracranial
injury. Thus, more work is needed to use the diverse existing data available to develop

a taxonomy of TBI that incorporates injury mechanisms and early biomarkers to develop
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standard phenotypes and improve symptom trajectories (see Pugh et al. and Wilde et al.,
same issue). For clinical relevance, we summarize our findings with eight takeaways and, as
part of our roadmap, four trackable opportunities for next steps that include specific action
items (Table 1).

. TBI poses a large burden because of high prevalence, risk for long-term
effects of the injury, loss to the work force, burden to healthcare systems,
and increased impact on issues such as family burden, social participation, and
health inequities. mTBI represents the highest number of cases, with significant
morbidity.

. Most studies examining TBI outcomes have focused on trajectories for persons
experiencing moderate-to-severe TBI at the time of injury; however, research on
the longer-term consequences of mTBI is emerging across the life span and is a
critical area for focused research.

. Research examining mTBI includes studies that examine sports-related and non-
sports-related injuries. Although caused by different injury mechanisms, it is
important to consolidate these findings as related to mTBI.

. In an effort to facilitate follow-up and management, the field has described TBI
as a chronic health condition based on research on moderate-to-severe cases.
Research on the prolonged and longer-term health effects related to mTBI is
emerging and may offer insights on the importance of follow-up and optimal
management over time even for less-severe injuries.

. Examining the vestibular and oculomotor effects of mTBI is an emerging area
of clinical assessment and research that may contribute to predicting long-term
outcomes.

. Across the life span, children and adults can experience multiple mTBIs that can

compound the long-term effects of mTBI.

. The factors associated with all TBI outcomes are complex and include not
only characteristics of the injury, but also age, pre-injury status, and comorbid
conditions.

. Comorbidities abound, affect outcomes, and confound efforts to define outcomes

that are uniquely associated with TBI.

Acknowledgments

The findings and conclusions in this report are those of the authors and do not necessarily represent the official
position of the Centers for Disease Control and Prevention.

Funding Information

This work would not have been possible without the financial support provided by Cohen Veterans Bioscience
through grant COH-0003 from Steven A. Cohen. Cohen Veterans Bioscience conceptualized and funded the Brain
Trauma Blueprint. Additional information can be found at www.braintraumablueprint.org.

J Neurotrauma. Author manuscript; available in PMC 2022 May 20.


http://www.braintraumablueprint.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haarbauer-Krupa et al.

References
1.

10

11.

12.

13.

Page 14

Dewan MC, Rattani A, Gupta S, Baticulon RE, Hung YC, Punchak M, Agrawal A, Adeleye AO,
Shrime MG, Rubiano AM, Rosenfeld JV, and Park KB (2018). Estimating the global incidence of
traumatic brain injury. J. Neurosurg, doi: 10.3171/2017.10.JNS17352.

. Carroll LJ, Cassidy JD, Holm L, Kraus J, and Coronado VG; WHO Collaborating Centre Task Force

on Mild Traumatic Brain Injury. (2004). Methodological issues and research recommendations for
mild traumatic brain injury: the WHO Collaborating Centre Task Force on Mild Traumatic Brain
Injury. J. Rehabil. Med, 43 Suppl., 113-125.

. Dematteo CA, Hanna SE, Mahoney WJ, Hollenberg RD, Scott LA, Law MC, Newman A, Lin CY,

and Xu L (2010). “My child doesn’t have a brain injury, he only has a concussion”. Pediatrics 125,
327-334. [PubMed: 20083526]

. Gordon KE, Dooley JM, Fitzpatrick EA, Wren P, and Wood EP (2010). Concussion or mild

traumatic brain injury: parents appreciate the nuances of nosology. Pediatr. Neurol 43, 253-257.
[PubMed: 20837303]

. Lumba-Brown A, Yeates KO, Sarmiento K, Breiding MJ, Haegerich TM, Gioia GA, Turner M,

Benzel EC, Suskauer SJ, Giza CC, Joseph M, Broomand C, Weissman B, Gordon W, Wright DW,
Moser RS, McAvoy K, Ewing-Cobbs L, Duhaime AC, Putukian M, Holshouser B, Paulk D, Wade
SL, Herring SA, Halstead M, Keenan HT, Choe M, Christian CW, Guskiewicz K, Raksin PB,
Gregory A, Mucha A, Taylor HG, Callahan JM, DeWitt J, Collins MW, Kirkwood MW, Ragheb
J, Ellenbogen RG, Spinks TJ, Ganiats TG, Sabelhaus LJ, Altenhofen K, Hoffman R, Getchius

T, Gronseth G, Donnell Z, O’Connor RE, and Timmons SD (2018). Diagnosis and management
of mild traumatic brain injury in children: a systematic review. JAMA Pediatr. 172, e182847.
[PubMed: 30193325]

. Mild Traumatic Brain Injury Committee of the Head Injury Interdisciplinary Special Interest Group

of the American Congress of Rehabilitation Medicine. (1993). Definition of mild traumatic brain
injury. J. Head Trauma Rehabil 8, 87-87.

. Holm L, Cassidy JD, Carroll LJ, and Borg J; Neurotrauma Task Force on Mild Traumatic Brain

Injury of the WHO Collaborating Centre. (2005). Summary of the WHO Collaborating Centre for
Neurotrauma Task Force on Mild Traumatic Brain Injury. J. Rehabil. Med 37, 137-141. [PubMed:
16040469]

. Janak JC, Pugh MJ, and Langlois Orman JA (2015). Epidemiology of TBI, in: Traumatic Brain

Injury Rehabilitation Medicine. Cifu DX and Eapen BC (eds). Elsevier: Philadelphia, PA, pps.
6-35.

. Cassidy JD, Carroll LJ, Peloso PM, Borg J, von Holst H, Holm L, Kraus J, and Coronado VG;

WHO Collaborating Centre Task Force on Mild Traumatic Brain Injury. (2004). Incidence, risk
factors and prevention of mild traumatic brain injury: results of the WHO Collaborating Centre Task
Force on Mild Traumatic Brain Injury. J. Rehabil. Med 43 Suppl., 28-60.

. Feigin VL, Theadom A, Barker-Collo S, Starkey NJ, McPherson K, Kahan M, Dowell A, Brown P,
Parag V, Kydd R, Jones K, Jones A, and Ameratunga S; BIONIC Study Group. (2013). Incidence
of traumatic brain injury in New Zealand: a population-based study. Lancet Neurol. 12, 53-64.
[PubMed: 23177532]

Leibson CL, Brown AW, Ransom JE, Diehl NN, Perkins PK, Mandrekar J, and Malec JF (2011).
Incidence of traumatic brain injury across the full disease spectrum: a population-based medical
record review study. Epidemiology 22, 836-844. [PubMed: 21968774]

Nguyen R, Fiest KM, McChesney J, Kwon CS, Jette N, Frolkis AD, Atta C, Mah S, Dhaliwal

H, Reid A, Pringsheim T, Dykeman J, and Gallagher C (2016). The international incidence of
traumatic brain injury: a systematic review and meta-analysis. Can. J. Neurol. Sci 43, 774-785.
Numminen HJ (2011). The incidence of traumatic brain injury in an adult population—how to
classify mild cases? Eur. J. Neurol 18, 460-464. [PubMed: 20722703]

14. Peeters W, van den Brande R, Polinder S, Brazinova A, Steyerberg EW, Lingsma HF, and Maas

15.

Al (2015). Epidemiology of traumatic brain injury in Europe. Acta Neurochir. (Wien) 157, 1683—
1696. [PubMed: 26269030]

Centers for Disease Control and Prevention (CDC). (2019). Surveillance Report of Traumatic
Brain Injury-related Emergency Department Visits, Hospitalizations, and Deaths—United States,

J Neurotrauma. Author manuscript; available in PMC 2022 May 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haarbauer-Krupa et al.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Page 15

2014. Centers for Disease Control and Prevention, U.S. Department of Health and Human
Services: Atlanta, GA.

Bazarian JJ, McClung J, Shah MN, Cheng YT, Flesher W, and Kraus J (2005). Mild traumatic
brain injury in the United States, 1998-2000. Brain Inj. 19, 85-91. [PubMed: 15841752]

Selassie AW, Zaloshnja E, Langlois JA, Miller T, Jones P, and Steiner C (2008). Incidence of
long-term disability following traumatic brain injury hospitalization, United States, 2003. J. Head
Trauma Rehabil 23, 123-131. [PubMed: 18362766]

GBD 2016 Traumatic Brain Injury and Spinal Cord Injury Collaborators. (2019). Global, regional,
and national burden of traumatic brain injury and spinal cord injury, 1990-2016: a systematic
analysis for the Global Burden of Disease Study 2016. Lancet Neurol. 18, 56-87. [PubMed:
30497965]

Capizzi A, Woo J, and Verduzco-Gutierrez M (2020). Traumatic brain injury: an overview of
epidemiology, pathophysiology, and medical management. Med. Clin. North Am 104, 213-238.
[PubMed: 32035565]

Sarmiento K, Thomas KE, Daugherty J, Waltzman D, Haarbauer-Krupa JK, Peterson AB,
Haileyesus T, and Breiding MJ (2019). Emergency department visits for sports- and recreation-
related traumatic brain injuries among children—United States, 2010-2016. MMWR Morb.
Mortal WKly. Rep 68, 237-242.

Haarbauer-Krupa J, Arbogast KB, Metzger KB, Greenspan Al, Kessler R, Curry AE, Bell JM,
DePadilla L, Pfeiffer MR, Zonfrillo MR, and Master CL (2018). Variations in mechanisms of
injury for children with concussion. J. Pediatr 197, 241-248.e1. [PubMed: 29627189]

Mollayeva T, Mollayeva S, and Colantonio A (2018). Traumatic brain injury: sex, gender and
intersecting vulnerabilities. Nat. Rev. Neurol 14, 711-722. [PubMed: 30397256]

Haarbauer-Krupa JK, Comstock RD, Lionbarger M, Hirsch S, Kavee A, and Lowe B (2018).
Healthcare professional involvement and RTP compliance in high school athletes with concussion.
Brain Inj. 32, 1337-1344. [PubMed: 29953252]

Reid MW, and Velez CS (2015). Discriminating military and civilian traumatic brain injuries. Mol..
Cell. Neurosci 66, 123-128. [PubMed: 25827093]

Lindquist LK, Love HC, and Elbogen EB (2017). Traumatic brain injury in Iraq and Afghanistan
veterans: new results from a national random sample study. J. Neuropsychiatry Clin. Neurosci 29,
254-259. [PubMed: 28121256]

Defense and Veterans Brain Injury Center (DVBIC). (2019). DOD Worldwide Numbers for

TBI. https:health.mil/About-MHS/OASDHA/Defense-Health-Agency/ResearchandDevelopment/
Traumatic-Brain-Injury-Center-of-Excellence/DOD-TBI-WorldwideNumbers.

Bazarian JJ, Blyth B, Mookerjee S, He H, and McDermott MP (2010). Sex differences in outcome
after mild traumatic brain injury. J. Neurotrauma 27, 527-539. [PubMed: 19938945]

Bouldin ED, Swan AA, Norman RS, Tate DF, Tumminello C, Amuan ME, Eapen BC, Wang CP,
Trevino A, and Pugh MJ (2020). Health phenotypes and neurobehavioral symptom severity among
post-9/11 veterans with mild traumatic brain injury: a Chronic Effects of Neurotrauma Consortium
Study. J. Head Trauma Rehabil doi: 10.1097/HTR.0000000000000574.

Gupte R, Brooks W, Vukas R, Pierce J,. and Harris J (2019). Sex differences in traumatic brain
injury: what we know and what we should know. J. Neurotrauma 36, 3063-3091. [PubMed:
30794028]

Iverson KM, Hendricks AM, Kimerling R, Krengel M, Meterko M, Stolzmann KL, Baker

E, Pogoda TK, Vasterling JJ, and Lew HL (2011). Psychiatric diagnoses and neurobehavioral
symptom severity among OEF/OIF VA patients with deployment-related traumatic brain injury: a
gender comparison. Womens Health Issues 21, 4 Suppl., S210-S217. [PubMed: 21724143]
Juengst SB, Nabasny A, and Terhorst L (2019). Cohort differences in neurobehavioral symptoms in
chronic mild to severe traumatic brain injury. Front. Neurol 10, 1342. [PubMed: 31998213]

Kim LH, Quon JL, Sun FW, Wortman KM, Adamson MM, and Harris OA (2018). Traumatic brain
injury among female veterans: a review of sex differences in military neurosurgery. Neurosurg.
Focus 45, E16.

J Neurotrauma. Author manuscript; available in PMC 2022 May 20.


https://health.mil/About-MHS/OASDHA/Defense-Health-Agency/Research%20and%20Development/Traumatic-Brain-Injury-Center-of-Excellence/DOD-TBI-Worldwide%20Numbers
https://health.mil/About-MHS/OASDHA/Defense-Health-Agency/Research%20and%20Development/Traumatic-Brain-Injury-Center-of-Excellence/DOD-TBI-Worldwide%20Numbers

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haarbauer-Krupa et al.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 16

. Nabasny A, Myrga JM, and Juengst SB (2020). Neurobehavioral symptoms by gender and
experience of nightmares after traumatic brain injury. Rehabil. Psychol 65, 186-191. [PubMed:
32250133]

Cogan AM, McCaughey VK, and Scholten J (2020). Gender differences in outcomes after
traumatic brain injury among service members and veterans. PM R. 12, 301-314. [PubMed:
31400285]

Pugh MJ, Swan AA, Amuan ME, Eapen BC, Jaramillo CA, Delgado R, Tate DF, Yaffe K, and
Wang CP (2019). Deployment, suicide, and overdose among comorbidity phenotypes following
mild traumatic brain injury: a retrospective cohort study from the Chronic Effects of Neurotrauma
Consortium. PL0S One 14, e0222674. [PubMed: 31539410]

Belanger HG, Curtiss G, Demery JA, Lebowitz BK, and Vanderploeg RD (2005). Factors
moderating neuropsychological outcomes following mild traumatic brain injury: a meta-analysis.
J. Int. Neuropsychol. Soc 11, 215-227. [PubMed: 15892898]

Corrigan JD, and Hammond FM (2013). Traumatic brain injury as a chronic health condition.
Arch. Phys. Med. Rehabil 94, 1199-1201. [PubMed: 23402722]

Masel BE, and DeWitt DS (2010). Traumatic brain injury: a disease process, not an event. J.
Neurotrauma 27, 1529-1540. [PubMed: 20504161]

Chendrasekhar A, Kuczabski B, Cohen D, Grageda M, Genovese-Scullin D, Patwari J, and Harris
L (2020). Delayed sequelae related to mild traumatic brain injury in children. Glob. Pediatr. Health
7, 2333794X20947988.

Cnossen MC, van der Naalt J, Spikman JM, Nieboer D, Yue JK, Winkler EA, Manley GT, von
Steinbuechel N, Polinder S, Steyerberg EW, and Lingsma HF (2018). Prediction of persistent
post-concussion symptoms after mild traumatic brain injury. J. Neurotrauma 35, 2691-2698.
[PubMed: 29690799]

Moore RD, Kay JJ, and Ellemberg D (2018). The long-term outcomes of sport-related concussion
in pediatric populations. Int. J. Psycho-physiol 132, 14-24.

Taylor HG, Orchinik LJ, Minich N, Dietrich A, Nuss K, Wright M, Bangert B, Rusin J, and
Yeates KO (2015). Symptoms of persistent behavior problems in children with mild traumatic
brain injury. J. Head Trauma Rehabil 30, 302-310. [PubMed: 25629259]

Davis GA, Anderson V, Babl FE, Gioia GA, Giza CC, Meehan W, Moser RS, Purcell L, Schatz P,
Schneider KJ, Takagi M, Yeates KO, and Zemek R (2017). What is the difference in concussion
management in children as compared with adults? A systematic review. Br. J. Sports Med 51,
949-957. [PubMed: 28455361]

Thompson HJ, Rivara FP, and Wang J (2020). Effect of age on longitudinal changes in symptoms,
function, and outcome in the first year after mild-moderate traumatic brain injury. J. Neurosci.
Nurs 52, 46-52. [PubMed: 32032276]

Babikian T, Merkley T, Savage RC, Giza CC, and Levin H (2015). Chronic aspects of pediatric
traumatic brain injury: review of the literature. J. Neurotrauma 32, 1849-1860. [PubMed:
26414654]

Schorr E, Wade SL, Taylor HG, Stancin T, and Yeates KO (2020). Parenting styles as a predictor
of long-term psychosocial outcomes after traumatic brain injury (TBI) in early childhood. Disabil.
Rehabil 42, 2437-2443. [PubMed: 31006276]

Anderson V, Le Brocque R, Iselin G, Eren S, Dob R, Davern TJ, McKinlay L, and Kenardy

J (2012). Adaptive ability, behavior and quality of life pre and posttraumatic brain injury in
childhood. Disabil. Rehabil 34, 1639-1647. [PubMed: 22416951]

Berry JG, Bloom S, Foley S, and Palfrey JS (2010). Health inequity in children and youth with
chronic health conditions. Pediatrics 126, Suppl. 3, S111-S119. [PubMed: 21123473]

Langlois JA, Rutland-Brown W, and Thomas KE (2005). The incidence of traumatic brain injury
among children in the United States: differences by race. J. Head Trauma Rehabil 20, 229-238.
[PubMed: 15908823]

Haarbauer-Krupa J, Lee AH, Bitsko RH, Zhang X, and Kresnow-Sedacca MJ (2018). Prevalence of
parent-reported traumatic brain injury in children and associated health conditions. JAMA Pediatr.
172, 1078-1086. [PubMed: 30264150]

J Neurotrauma. Author manuscript; available in PMC 2022 May 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haarbauer-Krupa et al.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Page 17

. Brown JB, Kheng M, Carney NA, Rubiano AM, and Puyana JC (2019). Geographical disparity and
traumatic brain injury in America: rural areas suffer poorer outcomes. J. Neurosci. Rural Pract 10,
10-15. [PubMed: 30765964]

Jones J, and Curtin M (2010). Traumatic brain injury, participation, and rural identity. Qual. Health
Res 20, 942-951. [PubMed: 20360567]

Haarbauer-Krupa J, Taylor CA, Yue JK, Winkler EA, Pirracchio R, Cooper SR, Burke JF,
Stein MB, and Manley GT (2017). Screening for post-traumatic stress disorder in a civilian
emergency department population with traumatic brain injury. J. Neurotrauma 34, 50-58.
[PubMed: 26936513]

Sinnott AM, Kontos AP, Collins MW and Ortega J (2020). Concussion symptoms among athletes:
preinjury factors predict postinjury factors. J. Head Trauma Rehabil 35, E361-E371. [PubMed:
32108712]

Zahniser E, Temkin NR, Machamer J, Barber J, Manley GT, Markowitz AJ, and Dikmen SS;
TRACK-TBI Investigators. (2019). The functional status examination in mild traumatic brain
injury: a TRACK-TBI sub-study. Arch. Clin. Neuropsychol 34, 1165-1174. [PubMed: 30608522]
Nelson LD, Temkin NR, Dikmen S, Barber J, Giacino JT, Yuh E, Levin HS, McCrea MA,

Stein MB, Mukherjee P, Okonkwo DO, Diaz-Arrastia R, Manley GT, and the TRACK-TBI
Investigators, Adeoye O, Badjatia N, Boase K, Bodien Y, Bullock MR, Chesnut R, Corrigan

JD, Crawford K, Mis, Duhaime AC, Ellenbogen R, Feeser VR, Ferguson A, Foreman B, Gardner
R, Gaudette E, Gonzalez L, Gopinath S, Gullapalli R, Hemphill JC, Hotz G, Jain S, Korley F,
Kramer J, Kreitzer N, Lindsell C, Machamer J, Madden C, Martin A, McAllister T, Merchant R,
Noel F, Palacios E, Perl D, Puccio A, Rabinowitz M, Robertson CS, Rosand J, Sander A, Satris
G, Schnyer D, Seabury S, Sherer M, Taylor S, Toga A, Valadka A, Vassar MJ, Vespa P, Wang K,
Yue JK, and Zafonte R (2019). Recovery after mild traumatic brain injury in patients presenting to
US Level | Trauma Centers: a Transforming Research and Clinical Knowledge in Traumatic Brain
Injury (TRACK-TBI) Study. JAMA Neurol. doi: 10.1001/jamaneurol.2019.1313.

Yue JK, Winkler EA, Sharma S, Vassar MJ, Ratcliff JJ, Korley FK, Seabury SA, Ferguson AR,
Lingsma HF, Deng H, Meeuws S, Adeoye OM, Rick JW, Robinson CK, Duarte SM, Yuh EL,
Mukherjee P, Dikmen SS, McAllister TW, Diaz-Arrastia R, Valadka AB, Gordon WA, Okonkwo
DO, and Manley GT; the TRACK-TBI Investigators. (2017). Temporal profile of care following
mild traumatic brain injury: predictors of hospital admission, follow-up referral and six-month
outcome. Brain Inj. 31, 1820-1829. [PubMed: 29166203]

National Institute of Neurological Disorders and Stroke. (2017). Traumatic Brain Injury in Women
Workshop Summary: NIH Main Campus. National Institute of Neurological Disorders and Stroke:
Bethesda, MD.

Fabricius AM, D’Souza A, Amodio V, Colantonio A, and Mollayeva T (2020). Women’s gendered
experiences of traumatic brain injury. Qual. Health Res 30, 1033-1044. [PubMed: 31971079]

United States Government Accountability Office. (2020). Report to congressional committees.
Domestic violence: improved data needed to identify the prevalence of brain injuries among
victims. GAO-20-534. U.S. Government Accountability Office: Washington, D.C.

Brotfain E, Gruenbaum SE, Boyko M, Kutz R, Zlotnik A, and Klein M (2016). Neuroprotection by
estrogen and progesterone in traumatic brain injury and spinal cord injury. Curr. Neuropharmacol
14, 641-653. [PubMed: 26955967]

Covassin T, Elbin R, Kontos A, and Larson E (2010). Investigating baseline neurocognitive
performance between male and female athletes with a history of multiple concussion. J. Neurol.
Neurosurg. Psychiatry 81, 597-601. [PubMed: 20522868]

Covassin T, Moran R, and Elbin RJ (2016). Sex differences in reported concussion injury rates
and time loss from participation: an update of the National Collegiate Athletic Association Injury
Surveillance Program from 2004-2005 through 2008-2009. J. Athl. Train 51, 189-194. [PubMed:
26950073]

Ma J, Huang S, Qin S, You C, and Zeng Y (2016). Progesterone for acute traumatic brain injury.
Cochrane Database Syst. Rev 12, CD008409. [PubMed: 28005271]

Bramlett HM, and Dietrich WD (2015). Long-term consequences of traumatic brain injury: current
status of potential mechanisms of injury and neurological outcomes. J. Neurotrauma 32, 1834—
1848. [PubMed: 25158206]

J Neurotrauma. Author manuscript; available in PMC 2022 May 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haarbauer-Krupa et al.

66

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Page 18

. Dams-O’Connor K, Ketchum JM, Cuthbert JP, Corrigan JD, Hammond FM, Haarbauer-Krupa
J, Kowalski RG, and Miller AC (2020). Functional outcome trajectories following inpatient
rehabilitation for TBI in the United States: a NIDILRR TBIMS and CDC Interagency
Collaboration. J. Head Trauma Rehabil 35, 127-139. [PubMed: 31033744]

Whiteneck GG, Eagye CB, Cuthbert JP, Corrigan JD, Bell JM, Haarbauer-Krupa JK, Miller AC,
Ketchum JM, Hammond FM, Dams-O’Connor K, and Harrison-Felix C (2018). One and five
year outcomes after moderate-to-severe TBI requiring inpatient rehabilitation. Centers for Disease
Control and Prevention: Atlanta, GA.

Gardner RC, Byers AL, Barnes DE, Li Y, Boscardin J, and Yaffe K (2018). Mild TBI and risk

of Parkinson disease: a Chronic Effects of Neurotrauma Consortium Study. Neurology 90, e1771—
e1779. [PubMed: 29669907]

Daneshvar DH, Riley DO, Nowinski CJ, McKee AC, Stern RA, and Cantu RC (2011). Long-term
consequences: effects on normal development profile after concussion. Phys. Med. Rehabil. Clin.
N. Am 22, 683-700, ix. [PubMed: 22050943]

Lange RT, Brickell TA, Ivins B, Vanderploeg RD, and French LM (2013). Variable, not always
persistent, postconcussion symptoms after mild TBI in U.S. military service members: a five-year
cross-sectional outcome study. J. Neurotrauma 30, 958-969. [PubMed: 23205671]

Lew HL, Otis JD, Tun C, Kerns RD, Clark ME, and Cifu DX (2009). Prevalence of chronic
pain, posttraumatic stress disorder, and persistent postconcussive symptoms in OIF/OEF veterans:
polytrauma clinical triad. J. Rehabil. Res. Dev 46, 697-702. [PubMed: 20104399]

Rutherford WH, Merrett JD, and McDonald JR (1979). Symptoms at one year following
concussion from minor head injuries. Injury 10, 225-230. [PubMed: 759371]

Spinos P, Sakellaropoulos G, Georgiopoulos M, Stavridi K, Apostolopoulou K, Ellul J, and
Constantoyannis C (2010). Postconcussion syndrome after mild traumatic brain injury in Western
Greece. J. Trauma 69, 789-794. [PubMed: 20938266]

Sterr A, Herron KA, Hayward C, and Montaldi D (2006). Are mild head injuries as mild as we
think? Neurobehavioral concomitants of chronic post-concussion syndrome. BMC Neurol. 6, 7.
[PubMed: 16460567]

Mclnnes K, Friesen CL, MacKenzie DE, Westwood DA, and Boe SG (2017). Mild traumatic

brain injury (mTBI) and chronic cognitive impairment: a scoping review. PL0oS One 12, e0174847.
[PubMed: 28399158]

Iverson GL, Karr JE, Gardner AJ, Silverberg ND, and Terry DP (2019). Results of scoping review
do not support mild traumatic brain injury being associated with a high incidence of chronic
cognitive impairment: commentary on Mclnnes et al. 2017. PLoS One 14, e0218997. [PubMed:
31525205]

Taylor CA, Bell JM, Breiding MJ, and Xu L (2017). Traumatic brain injury-related emergency
department visits, hospitalizations, and deaths—United States, 2007 and 2013. MMWR Surveill.
Summ 66, 1-16.

Babikian T, Satz P, Zaucha K, Light R, Lewis RS, and Asarnow RF (2011). The UCLA
longitudinal study of neurocognitive outcomes following mild pediatric traumatic brain injury.

J. Int. Neuropsychol. Soc 17, 886-895. [PubMed: 21813031]

Barlow KM, Crawford S, Stevenson A, Sandhu SS, Belanger F, and Dewey D (2010).
Epidemiology of postconcussion syndrome in pediatric mild traumatic brain injury. Pediatrics
126, e374—e381. [PubMed: 20660554]

Yeates KO, Taylor HG, Rusin J, Bangert B, Dietrich A, Nuss K, Wright M, Nagin DS, and Jones
BL (2009). Longitudinal trajectories of postconcussive symptoms in children with mild traumatic
brain injuries and their relationship to acute clinical status. Pediatrics 123, 735-743. [PubMed:
19254996]

Babcock L, Byczkowski T, Wade SL, Ho M, Mookerjee S, and Bazarian JJ (2013). Predicting
postconcussion syndrome after mild traumatic brain injury in children and adolescents who present
to the emergency department. JAMA Pediatr. 167, 156-161. [PubMed: 23247384]

Lumba-Brown A, Yeates KO, Sarmiento K, Breiding MJ, Haegerich TM, Gioia GA, Turner M,
Benzel EC, Suskauer SJ, Giza CC, Joseph M, Broomand C, Weissman B, Gordon W, Wright DW,
Moser RS, McAvoy K, Ewing-Cobbs L, Duhaime AC, Putukian M, Holshouser B, Paulk D, Wade

J Neurotrauma. Author manuscript; available in PMC 2022 May 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haarbauer-Krupa et al.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Page 19

SL, Herring SA, Halstead M, Keenan HT, Choe M, Christian CW, Guskiewicz K, Raksin PB,
Gregory A, Mucha A, Taylor HG, Callahan JM, DeWitt J, Collins MW, Kirkwood MW, Ragheb
J, Ellenbogen RG, Spinks TJ, Ganiats TG, Sabelhaus LJ, Altenhofen K, Hoffman R, Getchius

T, Gronseth G, Donnell Z, O’Connor RE, and Timmons SD (2018). Centers for Disease Control
and Prevention guideline on the diagnosis and management of mild traumatic brain injury among
children. JAMA Pediatr. 172, €182853. [PubMed: 30193284]

Haarbauer-Krupa JK, Glang A, Kurowski B, and Breiding MJ (2018). Report to Congress on the
management of traumatic brain injury in children. Centers for Disease Control and Prevention:
Atlanta, GA.

Kontos AP, Deitrick JM, Collins MW, and Mucha A (2017). Review of vestibular and oculomotor
screening and concussion rehabilitation. J. Athl. Train 52, 256-261. [PubMed: 28387548]
Master CL, Curry AE, Pfeiffer MR, Metzger KB, Kessler RS, Haarbauer-Krupa J, DePadilla L,
Greenspan A, Breiding MJ, and Arbogast KB (2020). Characteristics of concussion in elementary
school-aged children: implications for clinical management. J. Pediatr 223, 128-135. [PubMed:
32507622]

Corwin DJ, Wiebe DJ, Zonfrillo MR, Grady MF, Robinson RL, Goodman AM, and Master

CL (2015). Vestibular deficits following youth concussion. J. Pediatr 166, 1221-1225. [PubMed:
25748568]

Anderson V, Brown S, Newitt H, and Hoile H (2009). Educational, vocational, psychosocial, and
quality-of-life outcomes for adult survivors of childhood traumatic brain injury. J. Head Trauma
Rehabil 24, 303-312. [PubMed: 19858964]

Lloyd J, Wilson ML, Tenovuo O, and Saarijarvi S (2015). Outcomes from mild and moderate
traumatic brain injuries among children and adolescents: a systematic review of studies from
2008-2013. Brain Inj. 29, 539-549. [PubMed: 25790086]

Selassie AW, Wilson DA, Pickelsimer EE, Voronca DC, Williams NR, and Edwards JC (2013).
Incidence of sport-related traumatic brain injury and risk factors of severity: a population-based
epidemiologic study. Ann. Epidemiol 23, 750-756. [PubMed: 24060276]

Sariaslan A, Sharp DJ, D’Onofrio BM, Larsson H, and Fazel S (2016). Long-term outcomes
associated with traumatic brain injury in childhood and adolescence: a nationwide Swedish cohort
study of a wide range of medical and social outcomes. PLoS Med. 13, €1002103. [PubMed:
27552147]

Koskiniemi M, Kyykka T, Nybo T, and Jarho L (1995). Long-term outcome after severe brain
injury in preschoolers is worse than expected. Arch. Pediatr. Adolesc. Med 149, 249-254.
[PubMed: 7532073]

Todis B, and Glang A (2008). Redefining success: results of a qualitative study of postsecondary
transition outcomes for youth with traumatic brain injury. J. Head Trauma Rehabil 23, 252-263.
[PubMed: 18650769]

Nybo T, Sainio M, and Muller K (2004). Stability of vocational outcome in adulthood after
moderate to severe preschool brain injury. J. Int. Neuropsychol. Soc 10, 719-723. [PubMed:
15327719]

Cameto R, Levine P, and Wagner M (2004). Transition Planning for Students with Disabilities. A
Special Topic Report of Findings from the National Longitudinal Transition Study-2 (NLTS2). SRI
International Office of Special Education Programs, U.S. Department of Education, Washington,
D.C.

Ma Z, Bayley MT, Perrier L, Dhir P, Depatie L, Comper P, Ruttan L, Lay C, and Munce SEP
(2019). The association between adverse childhood experiences and adult traumatic brain injury/
concussion: a scoping review. Disabil. Rehabil 41, 1360-1366. [PubMed: 29327631]

De Netto RK, and McKinlay A (2020). Impact of childhood traumatic brain injury on educational
outcomes and adult standard of living. Disabil. Rehabil 42, 2444-2450. [PubMed: 31322433]
Chitsabesan P, Lennox C, Williams H, Tariq O, and Shaw J (2015). Traumatic brain injury

in juvenile offenders: findings from the comprehensive health assessment tool study and the
development of a specialist linkworker service. J. Head Trauma Rehabil 30, 106-115. [PubMed:
25734841]

J Neurotrauma. Author manuscript; available in PMC 2022 May 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haarbauer-Krupa et al. Page 20

98. McKinlay A, Dalrymple-Alford JC, Horwood LJ, and Fergusson DM (2002). Long term
psychosocial outcomes after mild head injury in early childhood. J. Neurol. Neurosurg. Psychiatry
73, 281-288. [PubMed: 12185159]

99. Ray B, and Richardson N (2017). TBI and recidivism among returning inmates. Crim. Justice
Behav 44, 472-486.

100. Perron BE, and Howard MO (2008). Prevalence and correlates of traumatic brain injury among
delinquent youths. Crim. Behav. Ment. Health 18, 243-255. [PubMed: 18803295]

101. Mott TF, McConnon ML, and Rieger BP (2012). Subacute to chronic mild traumatic brain injury.
Am. Fam. Physician 86, 1045-1051. [PubMed: 23198672]

102. Theadom A, Parag V, Dowell T, McPherson K, Starkey N, Barker-Collo S, Jones K, Ameratunga
S, and Feigin VL; BIONIC Research Group. (2016). Persistent problems 1 year after mild
traumatic brain injury: a longitudinal population study in New Zealand. Br. J. Gen. Pract 66,
e16—e23. [PubMed: 26719482]

103. Theadom A, McDonald S, Starkey N, Barker-Collo S, Jones KM, Ameratunga S, Wilson E,
and Feigin VL (2019). Social cognition four years after mild-TBI: an age-matched prospective
longitudinal cohort study. Neuropsychology 33, 560-567. [PubMed: 30920237]

104. Yilmaz T, Roks G, de Koning M, Scheenen M, van der Horn H, Plas G, Hageman G, Schoonman
G, Spikman J, and van der Naalt J (2017). Risk factors and outcomes associated with post-
traumatic headache after mild traumatic brain injury. Emerg. Med. J 34, 800-805. [PubMed:
28689194]

105. Denby E, Murphy D, Busuttil W, Sakel M, and Wilkinson D (2020). Neuropsychiatric outcomes
in UK military veterans with mild traumatic brain injury and vestibular dysfunction. J. Head
Trauma Rehabil 35, 57-65. [PubMed: 30829817]

106. Silver JM, McAllister TW, and Arciniegas DB (2009). Depression and cognitive complaints
following mild traumatic brain injury. Am. J. Psychiatry 166, 653-661. [PubMed: 19487401]

107. Zhang Y, Ma Y, Chen S, Liu X, Kang HJ, Nelson S, and Bell S (2019). Long-term cognitive
performance of retired athletes with sport-related concussion: a systematic review and meta-
analysis. Brain Sci. 9, 199.

108. Dikmen S, Machamer J, Fann JR, and Temkin NR (2010). Rates of symptom reporting following
traumatic brain injury. J. Int. Neuropsychol. Soc 16, 401-411. [PubMed: 20188017]

109. Dikmen S, Machamer J, and Temkin N (2017). Mild traumatic brain injury: longitudinal study
of cognition, functional status, and post-traumatic symptoms. J. Neurotrauma 34, 1524-1530.
[PubMed: 27785968]

110. McAllister TW (2016). Mild traumatic brain injury. Focus (Am. Psychiatr. Publ.) 14, 410-421.
[PubMed: 31975821]

111. Dams-O’Connor K, Gibbons LE, Bowen JD, McCurry SM, Larson EB, and Crane PK (2013).
Risk for late-life re-injury, dementia and death among individuals with traumatic brain injury: a
population-based study. J. Neurol. Neurosurg. Psychiatry 84, 177-182. [PubMed: 23172868]

112. Barnes DE, Byers AL, Gardner RC, Seal KH, Boscardin WJ, and Yaffe K (2018). Association of
mild traumatic brain injury with and without loss of consciousness with dementia in US military
veterans. JAMA Neurol. 75, 1055-1061. [PubMed: 29801145]

113. Lehman EJ, Hein MJ, Baron SL, and Gersic CM (2012). Neurodegenerative causes of
death among retired National Football League players. Neurology 79, 1970-1974. [PubMed:
22955124]

114. Manley G, Gardner AJ, Schneider KJ, Guskiewicz KM, Bailes J, Cantu RC, Castellani RJ, Turner
M, Jordan BD, Randolph C, Dvorak J, Hayden KA, Tator CH, McCrory P, and Iverson GL
(2017). A systematic review of potential long-term effects of sport-related concussion. Br. J.
Sports Med 51, 969-977. [PubMed: 28455362]

115. Kannus P, Niemi S, Parkkari J, Mattila V, and Sievanen H (2020). Fall-induced hospital-treated
traumatic brain injuries among elderly Finns in 1970-2017. Arch. Gerontol. Geriatr 86, 103958.
[PubMed: 31581022]

116. Corrigan JD, Cuthbert JP, Harrison-Felix C, Whiteneck GG, Bell JM, Miller AC, Coronado
VG, and Pretz CR (2014). US population estimates of health and social outcomes 5 years after
rehabilitation for traumatic brain injury. J. Head Trauma Rehabil 29, E1-E9.

J Neurotrauma. Author manuscript; available in PMC 2022 May 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haarbauer-Krupa et al.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131

132.

Page 21

Defense and Veterans Brain Injury Center (DVBIC). (2019). DoD Numbers for Traumatic Brain
Injury, Worldwide—Totals, 2000-2019 Q3.

Centers for Disease Control and Prevention. (2003). Report to Congress on mild traumatic brain
injury in the United States: steps to prevent a serious public health problem. Centers for Disease
Control and Prevention: Atlanta, GA.

Boyle E, Cancelliere C, Hartvigsen J, Carroll LJ, Holm LW, and Cassidy JD (2014). Systematic
review of prognosis after mild traumatic brain injury in the military: results of the International
Collaboration on Mild Traumatic Brain Injury Prognosis. Arch. Phys. Med. Rehabil 95, 3 Suppl.
2, S230-S237. [PubMed: 24581908]

Mac Donald CL, Johnson AM, Wierzechowski L, Kassner E, Stewart T, Nelson EC, Werner NJ,
Adam OR, Rivet DJ, Flaherty SF, Oh JS, Zonies D, Fang R, and Brody DL (2017). Outcome
trends after US military concussive traumatic brain injury. J. Neurotrauma 34, 2206-2219.
[PubMed: 27198861]

Mac Donald CL, Adam OR, Johnson AM, Nelson EC, Werner NJ, Rivet DJ, and Brody

DL (2015). Acute post-traumatic stress symptoms and age predict outcome in military blast
concussion. Brain 138, 1314-1326. [PubMed: 25740219]

Mac Donald CL, Johnson AM, Wierzechowski L, Kassner E, Stewart T, Nelson EC, Werner
NJ, Zonies D, Oh J, Fang R, and Brody DL (2014). Prospectively assessed clinical outcomes
in concussive blast vs nonblast traumatic brain injury among evacuated US military personnel.
JAMA Neurol. 71, 994-1002. [PubMed: 24934200]

MacDonald CL, Johnson AM, Nelson EC, Werner NJ, Fang R, Flaherty SF, and Brody DL
(2014). Functional status after blast-plus-impact complex concussive traumatic brain injury in
evacuated United States military personnel. J. Neurotrauma 31, 889-898. [PubMed: 24367929]

Walker WC, Hirsch S, Carne W, Nolen T, Cifu DX, Wilde EA, Levin HS, Brearly TW, Eapen
BC, and Williams R (2018). Chronic Effects of Neurotrauma Consortium (CENC) multicentre
study interim analysis: differences between participants with positive versus negative mild TBI
histories. Brain Inj. 32, 1079-1089. [PubMed: 29851515]

Mac Donald CL, Barber J, Jordan M, Johnson AM, Dikmen S, Fann JR and Temkin N (2017).
Early clinical predictors of 5-year outcome after concussive blast traumatic brain injury. JAMA
Neurol. 74, 821-829. [PubMed: 28459953]

Dikmen S, Machamer J, and Temkin N (1993). Psychosocial outcome in patients with moderate
to severe head injury: 2-year follow-up. Brain Inj. 7, 113-124. [PubMed: 8453410]

Kersel DA, Marsh NV, Havill JH, and Sleigh JW (2001). Psychosocial functioning during the year
following severe traumatic brain injury. Brain Inj. 15, 683-696. [PubMed: 11485609]

Temkin NR, Corrigan JD, Dikmen SS, and Machamer J (2009). Social functioning after traumatic
brain injury. J. Head Trauma Rehabil 24, 460-467. [PubMed: 19940679]

Pugh MJ, Swan AA, Carlson KF, Jaramillo CA, Eapen BC, Dillahunt-Aspillaga C, Amuan
ME, Delgado RE, McConnell K, Finley EP, and Grafman JH; Trajectories of, R. and Complex
Comorbidity Study, T. (2018). Traumatic brain injury severity, comorbidity, social support,
family functioning, and community reintegration among veterans of the Afghanistan and Iraq
wars. Arch. Phys. Med. Rehabil 99, S40-S49. [PubMed: 28648681]

Sayer NA, Orazem RJ, Noorbaloochi S, Gravely A, Frazier P, Carlson KF, Schnurr PP, and
Oleson H (2015). Iraq and Afghanistan War veterans with reintegration problems: differences
by Veterans Affairs healthcare user status. Adm. Policy Ment. Health 42, 493-503. [PubMed:
24913102]

Pogoda TK, Stolzmann KL, lverson KM, Baker E, Krengel M, Lew HL, Amara JH, and Meterko
M (2016). Associations between traumatic brain injury, suspected psychiatric conditions, and
unemployment in Operation Enduring Freedom/Operation Iragi Freedom veterans. J. Head
Trauma Rehabil 31, 191-203. [PubMed: 25310289]

Mortimer JA, van Duijn CM, Chandra V, Fratiglioni L, Graves AB, Heyman A, Jorm AF,
Kokmen E, Kondo K, Rocca WA, Shalat SL, Soininen H, and Hofman A (1991). Head trauma
as a risk factor for Alzheimer’s disease: a collaborative re-analysis of case-control studies.
EURODEM Risk Factors Research Group. Int. J. Epidemiol 20, Suppl. 2, S28-S35. [PubMed:
1833351]

J Neurotrauma. Author manuscript; available in PMC 2022 May 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haarbauer-Krupa et al.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Page 22

Fann JR, Ribe AR, Pedersen HS, Fenger-Gron M, Christensen J, Benros ME, and Vestergaard
M (2018). Long-term risk of dementia among people with traumatic brain injury in Denmark:
a population-based observational cohort study. Lancet Psychiatry 5, 424-431. [PubMed:
29653873]

LoBue C, and Cullum CM (2019). POINT/COUNTER-POINT—beyond the headlines: the

actual evidence that traumatic brain injury is a risk factor for later-in-life dementia. Arch. Clin.
Neuropsychol 35, 123-127.

LoBue C, Wadsworth H, Wilmoth K, Clem M, Hart J Jr., Womack KB, Didehbani N, Lacritz LH,
Rossetti HC, and Cullum CM (2017). Traumatic brain injury history is associated with earlier age
of onset of Alzheimer disease. Clin. Neuropsychol 31, 85-98. [PubMed: 27855547]

Barnes DE, Kaup A, Kirby KA, Byers AL, Diaz-Arrastia R, and Yaffe K (2014). Traumatic brain
injury and risk of dementia in older veterans. Neurology 83, 312-319. [PubMed: 24966406]
Plassman BL, Havlik RJ, Steffens DC, Helms MJ, Newman TN, Drosdick D, Phillips C, Gau BA,
Welsh-Bohmer KA, Burke JR, Guralnik JM, and Breitner JC (2000). Documented head injury in
early adulthood and risk of Alzheimer’s disease and other dementias. Neurology 55, 1158-1166.
[PubMed: 11071494]

Wang HK, Lin SH, Sung PS, Wu MH, Hung KW, Wang LC, Huang CY, Lu K, Chen HJ, and Tsai
KJ (2012). Population based study on patients with traumatic brain injury suggests increased risk
of dementia. J. Neurol. Neurosurg. Psychiatry 83, 1080-1085. [PubMed: 22842203]

Crane PK, Gibbons LE, Dams-O’Connor K, Trittschuh E, Leverenz JB, Keene CD, Sonnen J,
Montine TJ, Bennett DA, Leurgans S, Schneider JA, and Larson EB (2016). Association of
traumatic brain injury with late-life neurodegenerative conditions and neuropatho-logic findings.
JAMA Neurol. 73, 1062-1069. [PubMed: 27400367]

Mehta KM, Ott A, Kalmijn S, Slooter AJ, van Duijn CM, Hofman A, and Breteler MM (1999).
Head trauma and risk of dementia and Alzheimer’s disease: the Rotterdam Study. Neurology 53,
1959-1962. [PubMed: 10599765]

Lee YK, Hou SW, Lee CC, Hsu CY, Huang YS, and Su YC (2013). Increased risk of dementia
in patients with mild traumatic brain injury: a nationwide cohort study. PLoS One 8, e62422.
[PubMed: 23658727]

Li Y, LiY, Li X, Zhang S, Zhao J, Zhu X, and Tian G (2017). Head injury as a risk factor for
dementia and Alzheimer’s disease: a systematic review and meta-analysis of 32 observational
studies. PL0oS One 12, e0169650. [PubMed: 28068405]

Yaffe K, Lwi SJ, Hoang TD, Xia F, Barnes DE, Maguen S, and Peltz CB (2019). Military-related
risk factors in female veterans and risk of dementia. Neurology 92, e205-e211. [PubMed:
30541865]

Juengst SB, Kumar RG, and Wagner AK (2017). A narrative literature review of depression
following traumatic brain injury: prevalence, impact, and management challenges. Psychol. Res.
Behav. Manag 10, 175-186. [PubMed: 28652833]

Schwarzbold M, Diaz A, Martins ET, Rufino A, Amante LN, Thais ME, Quevedo J, Hohl

A, Linhares MN, and Walz R (2008). Psychiatric disorders and traumatic brain injury.
Neuropsychiatr. Dis. Treat 4, 797-816. [PubMed: 19043523]

Koponen S, Taiminen T, Portin R, Himanen L, Isoniemi H, Heinonen H, Hinkka S, and Tenovuo
O (2002). Axis | and Il psychiatric disorders after traumatic brain injury: a 30-year follow-up
study. Am. J. Psychiatry 159, 1315-1321. [PubMed: 12153823]

Silver JM, Kramer R, Greenwald S, and Weissman M (2001). The association between

head injuries and psychiatric disorders: findings from the New Haven NIMH Epidemiologic
Catchment Area Study. Brain Inj. 15, 935-945. [PubMed: 11689092]

Lahz S, and Bryant RA (1996). Incidence of chronic pain following traumatic brain injury. Arch.
Phys. Med. Rehabil 77, 889-891. [PubMed: 8822679]

Simpson G, and Tate R (2002). Suicidality after traumatic brain injury: demographic, injury and
clinical correlates. Psychol. Med 32, 687-697. [PubMed: 12102383]

Taylor LA, Kreutzer JS, Demm SR, and Meade MA (2003). Traumatic brain injury and substance
abuse: a review and analysis of the literature. Neuropsychol. Rehabil 13, 165-188. [PubMed:
21854333]

J Neurotrauma. Author manuscript; available in PMC 2022 May 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haarbauer-Krupa et al.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Page 23

Ouellet MC, Savard J, and Morin CM (2004). Insomnia following traumatic brain injury: a
review. Neurorehabil. Neural Repair 18, 187-198. [PubMed: 15669131]

Kim E, Lauterbach EC, Reeve A, Arciniegas DB, Coburn KL, Mendez MF, Rummans TA, Coffey
EC; ANPA Committee on Research. (2007). Neuropsychiatric complications of traumatic brain
injury: a critical review of the literature (a report by the ANPA Committee on Research). J.
Neuropsychiatry Clin. Neurosci 19, 106-127. [PubMed: 17431056]

David AS, and Prince M (2005). Psychosis following head injury: a critical review. J. Neurol.
Neurosurg. Psychiatry 76, Suppl. 1, i53i60. [PubMed: 15718223]

Jorge RE, Starkstein SE, Arndt S, Moser D, Crespo-Facorro B, and Robinson RG (2005). Alcohol
misuse and mood disorders following traumatic brain injury. Arch. Gen. Psychiatry 62, 742-749.
[PubMed: 15997015]

Kreutzer JS, Witol AD, and Marwitz JH (1996). Alcohol and drug use among young persons with
traumatic brain injury. J. Learn. Disabil 29, 643-651. [PubMed: 8942308]

Schachar RJ, Park LS, and Dennis M (2015). Mental health implications of traumatic brain injury
(TBI) in children and youth. J. Can. Acad. Child Adolesc. Psychiatry 24, 100-108. [PubMed:
26379721]

Weil ZM, and Karelina K (2019). Lifelong consequences of brain injuries during development:
from risk to resilience. Front. Neuroendocrinol 55, 100793. [PubMed: 31560884]

Schwartz L, Taylor HG, Drotar D, Yeates KO, Wade SL, and Stancin T (2003). Long-term
behavior problems following pediatric traumatic brain injury: prevalence, predictors, and
correlates. J. Pediatr. Psychol 28, 251-263. [PubMed: 12730282]

Yue JK, Cnossen MC, Winkler EA, Deng H, Phelps RRL, Coss NA, Sharma S, Robinson CK,
Suen CG, Vassar MJ, Schnyer DM, Puccio AM, Gardner RC, Yuh EL, Mukherjee P, Valadka
AB, Okonkwo DO, Lingsma HF, and Manley GT; TRACK-TBI Investigators. (2019). Pre-injury
comorbidities are associated with functional impairment and post-concussive symptoms at 3-
and 6-months after mild traumatic brain injury: a TRACK-TBI study. Front. Neurol 10, 343.
[PubMed: 31024436]

Bryant RA, O’Donnell ML, Creamer M, McFarlane AC, Clark CR, and Silove D (2010). The
psychiatric sequelae of traumatic injury. Am. J. Psychiatry 167, 312-320. [PubMed: 20048022]
Carlson KF, Kehle SM, Meis LA, Greer N, Macdonald R, Rutks I, Sayer NA, Dobscha SK,

and Wilt TJ (2011). Prevalence, assessment, and treatment of mild traumatic brain injury and
posttraumatic stress disorder: a systematic review of the evidence. J. Head Trauma Rehabil 26,
103-115. [PubMed: 20631631]

Miller SC, Whitehead CR, Otte CN, Wells TS, Webb TS, Gore RK, and Maynard C (2015). Risk
for broad-spectrum neuropsychiatric disorders after mild traumatic brain injury in a cohort of US
Air Force personnel. Occup. Environ. Med 72, 560-566. [PubMed: 25896331]

Vasterling JJ, Jacob SN, and Rasmusson A (2018). Traumatic brain injury and posttraumatic
stress disorder: conceptual, diagnostic, and therapeutic considerations in the context of co-
occurrence. J. Neuropsychiatry Clin. Neurosci 30, 91-100. [PubMed: 29132272]

Amen DG, Raji CA, Willeumier K, Taylor D, Tarzwell R, Newberg A, and Henderson TA (2015).
Functional neuroimaging distinguishes posttraumatic stress disorder from traumatic brain injury
in focused and large community datasets. PLoS One 10, e0129659. [PubMed: 26132293]
Dijkers MP, Harrison-Felix C, and Marwitz JH (2010). The traumatic brain injury model systems:
history and contributions to clinical service and research. J. Head Trauma Rehabil 25, 81-91.
[PubMed: 20134334]

Carroll CP, Cochran JA, Price JP, Guse CE, and Wang MC (2010). The AIS-2005 revision in
severe traumatic brain injury: mission accomplished or problems for future research? Ann. Adv.
Automot. Med 54, 233-238. [PubMed: 21050606]

Kay T, Harrington DE, Adams R, Anderson T, Berrol S, Cicerone K, Dahlberg C, Gerber D, Goka
R, Harley P, Hilt J, Horn L, Lehmkuhl D, and Malec J (1993). Definition of mild traumatic brain
injury. J. Head Trauma Rehabil 8, 86-87.

Mena JH, Sanchez Al, Rubiano AM, Peitzman AB, Sperry JL, Gutierrez MI, and Puyana JC
(2011). Effect of the modified Glasgow Coma Scale score criteria for mild traumatic brain

J Neurotrauma. Author manuscript; available in PMC 2022 May 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Haarbauer-Krupa et al. Page 24

injury on mortality prediction: comparing classic and modified Glasgow Coma Scale score model
scores of 13. J. Trauma 71, 1185-1192; discussion, 1193. [PubMed: 22071923]

169. Foreman BP, Caesar RR, Parks J, Madden C, Gentilello LM, Shafi S, Carlile MC, Harper CR, and
Diaz-Arrastia RR (2007). Usefulness of the abbreviated injury score and the injury severity score
in comparison to the Glasgow Coma Scale in predicting outcome after traumatic brain injury. J.
Trauma 62, 946-950. [PubMed: 17426553]

170. Gravesteijn BY, Sewalt CA, Ercole A, Akerlund C, Nelson D, Maas AIR, Menon D, Lingsma HF,
and Steyerberg EW; Collaborative European NeuroTrauma Effectiveness Research for Traumatic
Brain Injury Collaborators. (2020). Toward a new multi-dimensional classification of traumatic
brain injury: a Collaborative European NeuroTrauma Effectiveness Research for Traumatic Brain
Injury Study. J. Neurotrauma 37, 1002-1010. [PubMed: 31672086]

J Neurotrauma. Author manuscript; available in PMC 2022 May 20.



Page 25

Haarbauer-Krupa et al.

“Aanfur uresq onewnesn ‘gL

"SOOIAIBS UOITEYI|IGRYSI BAIB03I 10U PIP OUYM 3SOL}
10 S3UN(Ul PJIW YA 9SO} OB} 0} S|00) pUE ‘Paj|oJud a1am sjuaired MOY ‘|91 JO SBILISASS [|e SMO||o4 AlisIBal ay) Jey) ansul

"awI1} Jano suostad smojjoy ey (SWalsAS |apOIAl 19.L 01 Jejiwis) AnsiBal 1o aseqelep e dojansq
'saw091no J0od Bunuasaidas sadAlouayd Joy

S1J Je suoslad puelsiapun pue eyep xajdwod ay) azAeue o} (ssuabijjaiul [e1o1yie ‘Buiuses| sulyoew “6°) Spoylaw pue ‘sadlnsp
3|qeJeam Jo asn ‘paniadal aJed Jo adAl syl Buipnjoul ‘sbuimas aJed [ealuld Ul UoIIIa||03 eIep Jo) saydeosdde mau Apnusp]

‘Ainlur Jo swisiueydaW ay) Ul Sedualayip pue saliojoalen
awo2no Aynuapi pue (Aape pue ‘spods ‘Aseiiw ‘oureipad “6:9) suoneindod asianlp ul saipnis feuipniibuol dojaneg

"2119}110 UOISN|IX3 pue uoIsn|aul
.S[eL1 [BO1UI]D 81NIny Ul SUOIIIPUOD Yieay ajdijnw yiim juasaid oym siuaired Jo sabusjeyo pue saiiunuoddo ay) Japisuod

‘ABojoiq BulAjiapun paseys e 1oy
[enusiod ay3 s1s866Ns YaIyM ‘SUORIPUOD PIGIOWIOD JO oUsaId Syl puno.e uoIeBIISaAUI [eUOIIUBAISIUI JO Seale aAleInd AJusp|
"I9L JO SWO2IN0 pue 3sIN02 3y} Jo ABOJ0N8 By} J98)e SINISIIa1oeIRYd Uolieindod Moy JapIsuo)

ATETEN
Ainfur uo ueyy Jayied ‘8s1nod [eulpnibuoy Jo/pue ‘wisiueydaw asessip ‘1oedwi [ealbojolq uo paseq |91 Jo Awouoxe) dojansq

‘uolrenjens
pue ‘Buriolluow ‘ssauljawil UonUBAIBIUI 10} sonoeld
159Q YS1|geISa pue {Uo1199]|02 Blep Janaq ainsus ‘Bumies
Aiond pue ‘uoiredo|fe ‘sa2inosal ‘yijeay ul spuail Jo
Burioyuow ajqeus 03 Ansibal |91 [euoleu e pjing

"UOI193] |09 BIep Jo} sayaeoidde mau abelana

‘Asuabousiay pue sisoubelp uaied
0] 3)NQ11IU0J S103084 [ealfojolwapida moy Japisuo)

"S3W0IN0
21U0JYD 32UBN|JUI PINOI AJI0ISIY |91 awiayl| pue ‘abe
‘Aanlul Jo wsiueyoaw ‘Aianss Ainful moy Japisuod

uonay

sdais 1xau Joy saiiunlioddo :dewpeoy

191 ul saipms [eaibojoiwapid3 Joy saniunuoddQ yoleasay a]qeuonoy

‘Tal1qeL

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2022 May 20.

J Neurotrauma. Author manuscript



	Abstract
	Introduction
	Variables That Impact Traumatic Brain Injury and Outcomes
	Long-Term Sequelae of Traumatic Brain Injury
	Long-term outcomes in children
	Long-term outcomes in adults
	Long-term outcomes in military populations
	Comorbidities with Traumatic Brain Injury
	Association of traumatic brain injury with dementia
	Association of traumatic brain injury with psychiatric disorders
	Association of traumatic brain injury with post-traumatic stress disorder
	Conclusion
	References
	Table 1.

