
CURRENT PERSPECTIVES

Sleep, Sleep Disorders, and Mild Traumatic Brain Injury. What
We Know andWhatWe Need to Know: Findings from a National
Working Group

Emerson M. Wickwire1,2 & Scott G. Williams3,4 & Thomas Roth5
& Vincent F. Capaldi6 & Michael Jaffe7,8,9 &

Margaret Moline10 & Gholam K. Motamedi11 & Gregory W. Morgan12
& Vincent Mysliwiec4,13 &

Anne Germain14
& Renee M. Pazdan15

& Reuven Ferziger16 & Thomas J. Balkin6
& Margaret E. MacDonald17

&

Thomas A. Macek18
& Michael R. Yochelson19,20

& Steven M. Scharf2 & Christopher J. Lettieri4

Published online: 22 March 2016
# The American Society for Experimental NeuroTherapeutics, Inc. 2016

Abstract Disturbed sleep is one of the most common com-
plaints following traumatic brain injury (TBI) and worsens
morbidity and long-term sequelae. Further, sleep and TBI
share neurophysiologic underpinnings with direct relevance
to recovery from TBI. As such, disturbed sleep and clinical
sleep disorders represent modifiable treatment targets to im-
prove outcomes in TBI. This paper presents key findings from
a national working group on sleep and TBI, with a specific
focus on the testing and development of sleep-related

therapeutic interventions for mild TBI (mTBI). First, mTBI
and sleep physiology are briefly reviewed. Next, essential
empirical and clinical questions and knowledge gaps are ad-
dressed. Finally, actionable recommendations are offered to
guide active and efficient collaboration between academic,
industry, and governmental stakeholders.
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Introduction

By any measure, mild traumatic brain injury (mTBI) is a ma-
jor public health concern in the USA and worldwide.
According to the Centers for Disease Control and
Prevention, approximately 1.7 million Americans sustain a
TBI each year, with approximately 70% (i.e., 1.2 million)
considered mild [1, 2]. Others have noted that the actual num-
ber of TBIs annually is likely much higher, as many go undi-
agnosed, unreported, and thus uncounted [2–4]. Regardless,
there is no question that TBI results in substantial costs at the
individual and societal levels, with estimated total expendi-
tures exceeding $21.5 billion per annum for mTBI alone
($16.7 in 2003 US dollars) [5].

Disturbed sleep is among the most common complaints of
patients with mTBI and contributes to morbidity and long-
term sequelae [6]. Sleep disturbances can develop acutely fol-
lowing injury or emerge later during recovery, at times
persisting for years after the initial injury. Although the exact
mechanisms through which TBI affects sleep and circadian
health are not yet fully understood, it is clear that sleep distur-
bances and resultant sleep disorders can impair the brain inju-
ry recovery process. Consequences can include further neuro-
degeneration, as well as exacerbation of the many sequelae
and comorbidities of mTBI, including fatigue, hypersomno-
lence, depressed mood, anxiety, post-traumatic stress symp-
toms or post-traumatic stress disorder (PTSD), chronic pain,
cognitive and functional impairments, and diminished health-
related quality of life (HRQoL). As a result, sleep and circa-
dian disturbances represent a unique, novel, and modifiable
treatment target that can potentially improve outcomes in pa-
tients with mTBI. Initial findings suggest that focused sleep
interventions may not only improve sleep disturbances, but
also improve both HRQoL and functional outcomes in pa-
tients with mTBI. However, some critical and basic questions
remain regarding the relationship between mTBI and sleep
and circadian health, as well as treatment of sleep and circa-
dian disturbances in the context of mTBI. Addressing these
questions will require a sustained, collaborative effort involv-
ing diverse areas of expertise and stakeholders, with the Bpay-
off^ of improved clinical care and outcomes in mTBI.

The purpose of the present paper is to present key findings
from a national working group on sleep and mTBI, with a
specific focus on the testing and development of sleep-
related therapeutic interventions for mTBI. This group, which
included leading experts from academia, government, and in-
dustry, was assembled in 2014 as part of the development of a
joint meeting on BTBI Treatment Development^ by the
American Society for Experimental Neurotherapeutics
(ASENT) and the International Society for CNS Clinical
Trials and Methodology (ISCTM). Preliminary findings were
presented at that meeting in Washington, DC, in February
2015. This Current Perspectives article refines and expands

the initial findings of the working group, with particular em-
phasis on research and systems-level recommendations to ad-
vance rapidly the state of the science and increase access to
care. First, a brief overview of mTBI and sleep is presented.
Next, essential scientific questions and knowledge gaps are
addressed. Finally, actionable recommendations are offered
to guide active and efficient collaboration between academic,
industry, and governmental stakeholders.

Based on an evaluation of the existing literature, the current
understanding of the interaction between mTBI and disturbed
sleep, and an assessment of future needs, the working group
formulated the following 6 essential questions:

1. Why does sleep matter in mTBI?
2. How should we be measuring sleep in mTBI?
3. What sleep disorders occur following mTBI?
4. What are the potentially unique mechanisms underlying

sleep disturbance in mTBI?
5. What are the most promising sleep-related treatment de-

velopment opportunities?
6. What are the critical methodological issues that must be

considered when exploring the relationship between sleep
and mTBI?

Clinical Overview

Mild TBI

Broadly defined, TBI refers to a category of injury involving
transient amnesia, an alteration in consciousness, and/or loss
of consciousness resulting from any force applied to the head
or body [7, 8]. Based on factors assessed at the time of injury
[e.g., level of responsiveness (e.g., [9]), duration of loss of
consciousness, and duration of post-traumatic amnesia], as
well as findings on neuroimaging, TBIs are classified as mild
(mTBI or concussion), moderate, or severe. Table 1 illustrates
this classification system [10].

In patients with typical mTBI, standard acute structural
imaging studies such as head computed tomography scans
do not show hemorrhage or other overt structural abnormali-
ties. Specialized imaging modalities with magnetic resonance
imaging, such as susceptibility weighted imaging, may show
evidence of old hemosiderin as a proxy for diffuse axonal
injury, and newer imaging techniques such as diffusion tensor
imaging and functional magnetic resonance imaging hold
promise for future clinical use [11]. However, an absence of
findings, even on highly specialized imaging modalities, does
not rule out mTBI, as the neurological sequelae of mTBI are
believed to be caused by a transient disruption of brain func-
tion, including impairment of synaptic transmission, alter-
ations in glucose metabolism, changes in cerebral blood flow,
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and impaired axonal function [12]. Further complicating the
lack of objective structural pathology evident when standard
clinical imaging techniques are employed, mTBI is a remark-
ably heterogeneous condition with varying degrees of clinical
manifestations and severity. In addition, patient-level charac-
teristics such as age, sex, premorbid headaches, and psychiat-
ric conditions likely influence resilience and vulnerability to
mTBI sequelae, as well as persistence of postconcussive
symptoms. Importantly, while insufficient and disturbed sleep
impair neurocognitive performance and increase accident risk,
and thus likely increase risk for TBI events, little is known
about how premorbid sleep disturbances affect recovery and
long-term TBI sequelae.

As a result of this nonspecificity, consequences of mTBI
are typically classified into various symptom clusters.
Although there is a lack of consensus regarding symptom
classification, one commonly used system of nomenclature
divides symptoms into 3 clusters: physical (i.e., headaches,
dizziness, fatigue, disequilibrium, photophobia, sleep distur-
bances), cognitive (i.e., difficulties with attention and concen-
tration), and emotional domains (i.e., irritability, depression,
anxiety) [10]. Notably, the Centers for Disease Control mTBI
Assessment Classification system recognizes that sleep distur-
bances can affect clinical assessments following injury and
emphasizes the importance of sleep disturbances in these in-
dividuals. In this classification scheme, disturbed sleep is in-
corporated as its own independent category, resulting in 4
symptom clusters: sleep, physical, cognitive, and emotional
[13]. Of course, there is a great deal of overlap between these
symptom clusters, with bidirectional interactions making it
difficult to discern causality (e.g., disturbed sleep can both
cause and be caused by headaches and irritability).
Importantly, the centrality of sleep to mTBI is further evi-
denced in recovery, with sleep-related processes being in-
creasingly implicated in the neuroplastic recovery from post-
mTBI symptoms [14].

Sleep Physiology

All animal species are known to have daily periods of inac-
tivity and perceptual disengagement from the environment,
known as sleep. In virtually all mammalian species, sleep is
composed of 2 distinct states. These are rapid eye movement
(REM; in adult humans about 20% of the night) and non-
REM (NREM; in adult humans about 80% of the night) sleep.

These states differ from each other as much as they individu-
ally differ from wakefulness. NREM sleep is characterized by
a progressive synchronization of electroencephalography
(EEG) activity (NREM stages 1, 2, and 3) in parallel with an
increase in arousal threshold. In contrast, REM sleep is char-
acterized by EEG activation, rapid eye movements, and skel-
etal muscle atonia. These distinct states are hypothesized to
perform independent and complementary physiologic and
mental restorative functions [15]. Standardized criteria for de-
fining different stages in humans have been published else-
where [16].

Most sleep-related physiological functions, including
the regulation of sleep and wakefulness, are controlled by
2 processes: a homeostatic process (process S) and a timing
process (process C). Process S is a homeostatic input, or
sleep drive, determined by the duration of prior sleep and
wakefulness, and, at least in part, thought to be mediated
by the extracellular biochemical substrate adenosine.
Simply, levels of adenosine, and, consequently, a greater
drive for sleep, progressively increase with prolonged
wakefulness, which increase sleep propensity. Process C
is modulated by circadian timing, which determines rhyth-
mic variations of sleep and wakefulness over the 24-h pe-
riod. This process is generated by the suprachiasmatic nu-
clei and modulated by melatonin secreted by the pineal
gland, which is itself regulated by exposure to ambient
levels of blue light. While numerous physiologic processes
are regulated by process C, core body temperature and dim
light melatonin onset are the most commonly used indica-
tors of the phase of the circadian pacemaker. The interac-
tion between process S and process C determines the pro-
pensity for sleep (or wake) across the 24-h day. As will be
discussed, alterations in homeostatic sleep drive and circa-
dian rhythmicity have direct relevance for sleep–wake dis-
turbances following mTBI.

The switching between sleep and wake is complex and
involves the interaction of numerous neural centers in the
brain, including several hypothalamic and brainstem nuclei.
Principal centers include the ventrolateral preoptic nucleus,
which contains γ-aminobutyric acid and galanin producing
neurons that, when stimulated, are responsible for normal
sleep. The posterior lateral hypothalamus contains orexin-
producing hypocretin neurons, which are responsible for
wakefulness. In addition to orexin, histamine (released from
the tuberomammillary nucleus), serotonin (dorsal raphe

Table 1 Classification of
traumatic brain injury Mild (Bconcussion^) Moderate Severe

Normal imaging Normal or abnormal imaging Abnormal imaging

Loss of consciousness (LOC): 0–30 min LOC > 30 min < 24 h LOC > 24 h

Alteration of consciousness (AOC): up to 24 h AOC > 24 h

Post-traumatic amnesia (PTA): 0–1 day PTA > 1 and < 7 days PTA > 7 days
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nucleus), and noradreneline (locus coeruleus) are other impor-
tant neurotransmitters for maintaining wakefulness. These
sleep and waking functions are mutually exclusive opponent
processes, such that promoting sleep inhibits wake and pro-
moting wake inhibits sleep. Similar Bswitches^ regulate the
transitions between NREM and REM sleep [17]. With regard
to sleep disturbances in mTBI, any imbalance in these neuro-
transmitter relationships, or damage to these structures or the
connections between them, can lead to alterations in normal
sleep or wakefulness. Injuries to these neural structures or
impairments in related brain functions can result from mTBI,
causing sleep–wake disturbances.

Disturbances of sleep can be classified into 4 categories,
each of which has been reported in patients with mTBI: insuf-
ficient sleep duration or continuity, alterations in sleep stages
(i.e., changes in sleep architecture), pathologies in sleep (sleep
disorders), and abnormalities of the timing of sleep (circadian
rhythm disorders). The daytime consequences of such sleep
and circadian disturbances include impairments in
psychomotor performance; cognitive function, including
moral judgment; mood; and endocrine, metabolic, immune,
inflammatory, and cardiovascular function [18, 19]. These
deficits occur following experimentally induced acute sleep
disruption and chronic sleep disruption, as well as in clinical
samples.

Although a unifying theory that definitively explains the
purpose of sleep remains elusive, several theories have been
proposed to explain its myriad functions [15]. For example, it
has been postulated that sleep is required for restorative and
somatic growth, a theory supported by the linkage of certain
anabolic processes and hormone function such as growth
hormone, which is secreted during deep NREM sleep.
Perhaps most relevant to mTBI, recent evidence demonstrates
the importance of sleep for neural growth and plasticity [20].
Indeed, sleep is central to learning and memory consolida-
tion, brain development and restoration, and neuronal synap-
tic plasticity by eliminating weak connections and preserving
strong connections within the synapses. A landmark study
conducted by Xie et al. [21] demonstrated that sleep is asso-
ciated with a marked increase in interstitial space associated
with increased β-amyloid clearance in mice. Thus, sleep like-
ly has a unique and neuroprotective role through the elimina-
tion of neurotoxic waste products that does not occur during
wakefulness.

Essential Questions Related to mTBI and Sleep

Why Does Sleep Matter in mTBI? Evidence from Animal
Studies

Poor subjective sleep quality is one of the most common com-
plaints of patients who have experienced mTBI, with milder

injury being associated with greater impairments in both sub-
jective and objective measures of sleep [22]. Furthermore, the
incidence of sleep disorder diagnoses is greater in patients
with mTBI than in the general population. A recent meta-
analysis of patients with TBI of mixed severity revealed that
50% of patients reported sleep complaints and approximately
30% were diagnosed with a clinical sleep disorder [6].
Specifically, patients with TBI experienced high rates of
insomnia (29%), hypersomnia (28%), and sleep apnea
(25%). Unfortunately, comorbid sleep disturbance has often
been viewed as a symptom of mTBI, rather than as a
modifiable factor that can potentially affect the rate and
extent of recovery. In reality, many postconcussive
symptoms, such as anxiety, headaches, fatigue, and
irritability, can result from, and exacerbate, sleep
disturbances in a Bvicious cycle^.

In animal studies, evidence suggests that the effects of dis-
turbed sleep and sleep loss on resilience to mTBI events de-
pend, at least in part, upon the temporal relationship between
the brain injury and sleep. Specifically, sleep deprivation in
rodents may have salutary effects immediately prior to injury
but negative effects immediately following injury [23–25]. In
rats, Hsu et al. [24] observed that 5 days of total sleep depri-
vation prior to injury conferred a measure of protection against
ischemic injury. Similarly, Moldovan et al. [25] found that a
habitual decrease in total sleep time prior to TBI reduced the
severity of injury. Although the physiological mechanisms
underlying this protective effect are as yet unknown, there
are several intriguing possibilities. First, it has been hypothe-
sized that sleep deprivation prior to brain injury results in a
form of Bischemic preconditioning^, effectively habituating
the brain to subthreshold noxious byproducts of cellular injury
[26]. Similarly, an insufficient quantity or quality of sleep
results in elevated levels of extracellular adenosine. Because
adenosine is potentially neuroprotective, it could be hypothe-
sized that both acute sleep loss and chronic sleep debt-induced
elevations of extracellular adenosine help protect against TBI
sequelae. Another possibility is that sleep deprivation prior to
ischemic injury may alter the pattern of gene activation/
deactivation in a manner that affords some degree of neuro-
protection [27]. Finally, sleep loss prior to injury may elicit
rebound sleep following injury, thereby facilitating sleep-
enhanced neuronal regeneration and recovery [28]. It is worth
reinforcing that the neuroprotective potential of preinjury
sleep debt or its influence on subsequent outcomes has yet
to be determined in humans. Prospective and longitudinal hu-
man studies are clearly required in order to determine the
extent to which habitual sleep duration and/or sleep quality
affects recovery from concussive events.

In contrast to the potentially protective effects of acute,
preinjury sleep loss in rats, there is significant controversy
regarding the impact of sleep loss on outcomes following
mTBI. Several investigators have found that insufficient sleep
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postinjury may exacerbate brain injuries and impair long-term
recovery. For example, Gao et al. [29, 30] found that 3 days of
sleep deprivation and sleep disruption exacerbated injury pat-
terns and impaired recovery in rats after simulated stroke.
Similarly, sleep deprivation has been associated with a num-
ber of potentially relevant deleterious effects on brain homeo-
stasis, including changes in brain temperature [31], glutamate
concentrations [32], and energy consumption as evidenced by
decreased levels of brain glycogen [33]. Sleep deprivation
also results in elevated proinflammatory cytokines (interleu-
kin-1β, interleukin-6, and tumor necrosis factor-α), which can
impair neuronal growth and delay recovery [34, 35]. If sleep
loss incurs these neurophysiologic costs and also impairs
neurorecovery, it is reasonable to hypothesize that postinjury
sleep enhancement may facilitate neurorecovery. This hypoth-
esis was explored in a study by Hodor et al. [36], who found
that postinjury enhancement of NREM sleep with baclofen
improved recovery from ischemic brain injury, as evidenced
by increased neuronal sprouting and enhanced neurogenesis
in the peri-infarct region of rats. Nevertheless, despite this
promising finding, there remains a lack of clarity regarding
the potential benefits of postinjury sleep. For example,
Martinez-Vargas et al. [37] have shown that 24 h of total sleep
deprivation after TBI decreased morphological damage and
enhanced recovery in a rat model. Similarly, it has also been
observed that hippocampal neurogenesis was enhanced in rats
as a result of short-term sleep deprivation following injury
[38].

It is important to realize that although fascinating and
potentially impactful, the data discussed above are gained
from animal studies, and the direct applicability to humans
is unknown. Indeed, these studies highlight the challenging
nature of translational science in mTBI. For example, the
applicability to humans of these rodent brain injury models
remains unknown, and preinjury sleep duration is a poor
treatment target, owing to the unpredictable nature of mTBI.
Nonetheless, these findings from animal studies provide
valuable insight and suggest future directions for research in
humans. Most obviously, the effects of sleep extension and
sleep deprivation in various stages of injury warrant further
exploration, as current clinical guidelines are lacking. For
example, do patients with mTBI nap immediately or stay
awake all night? In addition, there is a dramatic need for
greater understanding of the neuroprotective and
neurorecuperative mechanisms of sleep in mTBI, including
exploration of the roles of specific sleep stages, neural
substances, such as adenosine, and gene activation/
deactivation. Inflammatory processes similarly require
further study and represent potential treatment targets in
humans. In order to build on the exciting findings among
animals, additional studies in humans are clearly needed.
Our working group is presently exploring these translational
issues.

How Should we be Measuring Sleep in mTBI in Research
Studies?

To date, research studies have utilized inconsistent operational
definitions regarding sleep and circadian patterns and disor-
ders . Al though physio logic s leep is def ined by
polysomnography (PSG) incorporating EEG and measures
of muscle tone by electromyogram and eye movements by
electrooculogram, overnight PSG is not always feasible or
necessary to address the research question. Therefore, inves-
tigators have employed patient self-report, clinician rating,
and the objective proxy of actigraphy to quantify sleep in
patients with mTBI. Each of these approaches has strengths
and weaknesses. The optimal sleep measurement research
strategy depends on the primary question of interest and
may combine more than one method for a given set of aims
and hypotheses.

Certainly, thorough assessment of the multiple factors
influencing sleep and mTBI is essential. In addition to sleep
history and current sleep patterns, research assessment should
include both the mechanism and severity of injury and other
confounding factors, such as chronic pain or psychiatric dis-
orders and medication use commonly associated with persis-
tent postconcussive symptoms.

Self-report Questionnaires

Various self-report instruments have been used in studies of
adult and pediatric patients with TBI [39–41]. To date, only
the Pittsburgh Sleep Quality Index and the Epworth
Sleepiness Scale have been validated against objective mea-
sures of sleep in patients with TBI [42–46]. Fichtenberg et al.
[46] found that a cut-off of 8 of the global Pittsburgh Sleep
Quality Index score, rather than the usual cut-off of 5 for non-
concussed samples, better discriminated between patients
with and without clinically significant insomnia.

There are inherent limitations to self-report questionnaires
[47]. Subjective measures of sleep quality and daytime func-
tioning reflect the patient’s experience of sleep, which are
essential for the diagnosis of sleep disorders and evaluation
of treatments. However, self-reported sleep does not always
capture the nature or severity of underlying organic sleep pa-
thology or clinical sleep disorder. Further, self-report can be
compromised based on injury-related cognitive impairment,
recency or salience effects (i.e., remembering only the most
recent or unusual experiences), or reliance on data from indi-
rect sources such as caregivers or parents of children [40]. For
example, patients in hospitals or institutionalized settings
(e.g., following polytrauma) have sleep–wake schedules and
daily routines imposed upon them and are also frequently
disrupted by medical practitioners and monitoring, which
may mask existing sleep problems or contribute to the devel-
opment of new sleep difficulties [47].
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Sleep Diaries

Standardized sleep diaries are considered an essential measure
of self-reported sleep patterns in both clinical and research
settings. Sleep diaries have been used to demonstrate sleep
disturbances in patients with mTBI relative to matched con-
trols [47], as well as to measure treatment response to sleep
treatments such as cognitive behavioral treatment for insom-
nia (CBTI) [48, 49]. Sleep diaries offer the advantage of pro-
spectively capturing sleep–wake patterns and behaviors that
may interfere with or promote sleep, including the regularity
of bed times and rise times, the frequency, timing, and dura-
tion of daytime naps, use of prescribed or nonprescribed stim-
ulants (e.g., energy drinks, caffeine) or central nervous system
depressants, including alcohol, and other relevant behaviors.
The prospective collection of sleep data with the sleep diary,
then, minimizes biases due to recency or salience effects.
Furthermore, the sleep diary allows the patient or their care-
giver to capture behaviors that may further exacerbate sleep
and circadian disturbances, such as parasomnias. In the treat-
ment of sleep disorders, sleep diaries facilitate longitudinal
assessments to quantify adherence and progress over the
course of treatment. Notably, there is a paucity of data regard-
ing the psychometric properties of sleep diaries in patients
with mTBI, and there are few, if any, studies comparing sleep
diary to PSG in this population. Fatigue and cognitive impair-
ments may interfere with the ability of adult patients with
mTBI to complete a sleep diary, and pediatric patients are
often limited in their ability to self-monitor sleep. Although
corroboration by bed partners, caregivers, or parents may im-
prove accuracy, these individuals do not typically monitor the
patient throughout their entire sleep period and therefore can-
not provide an accurate accounting of quantity or quality of
sleep [50]. Although patients with mTBI are not typically
hospitalized, similar limitations are evident when considering
reports of hospital staff, who typically only visit patients once
per hour [51]. Despite these limitations, sleep diaries offer a
low-cost, low-burden measure that can augment multimethod
assessment of sleep and circadian patterns in patients with
mTBI.

Actigraphy

An actigraph is a small, portable device typically worn on the
nondominant wrist to monitor physical activity via an accel-
erometer. This ambulatory movement is scored via an algo-
rithm to estimate sleep timing and duration (based on periods
of inactivity, as defined by a pre-set threshold). These esti-
mates can also be further manually edited based on sleep diary
data to refine estimates of sleep and wakefulness patterns.
Wrist actigraphy has been validated as a reliable proxy for
sleep and circadian patterns in healthy adults and multiple
sleep-disordered populations [51, 52], and is frequently used

as an outcome measure in sleep-related clinical trials.
Importantly, wrist actigraphy can aid in the diagnosis of cir-
cadian rhythm disorders and evaluation of sleep in individuals
unable to undergo PSG. Actigraphy presents many benefits
and has been suggested as an ideal methodology for monitor-
ing patients following brain injury [48]. Indeed, actigraphy
has been used to study adult and adolescent patients with
mTBI [41, 51, 53–58]. Like sleep diaries, actigraphy offers a
low-burden method to estimate prospectively regularity,
timing, and duration of sleep–wake patterns. Actigraphy can
also be used in clinical trials over several weeks, enabling
assessment of not only sleep–wake, but also 24-h physical
activity and circadian rhythmicity [58]. Finally, in our clinical
experience, actigraphy might be initially more acceptable than
PSG to patients with mTBI, who can be irritable or agitated.

The use of actigraphy in mTBI samples may pose unique
challenges. For example, the cost can be prohibitive for wide-
spread use, and the validity of actigraphy in children and
adults with mTBI is unknown. Further, low participation and
early termination of actigraphic monitoring has been reported
in adolescents with mTBI, along with reports of failure to
return the devices among both adolescents and adults [41,
51]. Similarly, despite scheduled reminders, Sinclair et al.
[57] excluded 28% of enrolled participants from analysis, ow-
ing to prolonged noncompliance with actigraphy procedures.
These authors also found moderate-to-strong associations be-
tween sleep diary reports and actigraphic assessment of sleep
duration among both patients with TBI and matched healthy
controls [57]. However, the agreement between these 2
methods weakened in patients with TBI, with sleep diary data
of patients with TBI underestimating wake after sleep onset
(WASO) and overestimating sleep onset latency (SOL). In
patients with motor impairment, actigraphy tends to overesti-
mate total sleep time [59]. Finally, studies to date have
employed small sample sizes, primarily assessing mTBI, with
limited data in moderate-to-severe TBI.

PSG

PSG is considered the standard measurement of sleep. The
majority of studies employing PSG in patients with mTBI
have reported alterations in sleep continuity and sleep stage
architecture. Similarly, studies employing power spectral anal-
ysis have also identified EEG differences between patients
with mTBI and matched healthy controls [60, 61]. In spite
of its clinical utility, PSG presents limitations. PSG is labor
intensive and costly, and usually takes place in a sleep labora-
tory, a novel environment that may not capture a typical sleep
pattern [62]. Even PSG performed in home settings involves
monitoring devices that could interfere with normal sleep.
Further, PSG recordings are generally time-limited, meaning
that sleep cannot be recorded over multiple sleep periods, and
are not suited for assessing circadian rhythms. Finally, PSG
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measurement of sleep and wake features reflect the summa-
tion of subcortical and cortical potentials from only a few
electrodes on the scalp. Hence, the spatial resolution is greatly
limited, and abnormal sleep processes or features that arise
from specific brain regions may not be captured by PSG. In
spite of these challenges, a recent study found 1-night PSG to
be highly reliable for detecting obstructive sleep apnea (OSA)
in patients with TBI of varying severity [63]. In addition to
night-time measurement of sleep, daytime PSG, such as the
multiple sleep latency test (MSLT), during which participants
undergo a series of 4–5 timed daytime naps, can also be
employed to measure daytime sleepiness. Objective evidence
of daytime somnolence is required for diagnoses, including
post-traumatic hypersomnia (mean MSLT < 8 min) and
post-traumatic narcolepsy (mean MSLT < 8 min with the
occurrence of 2 or more sleep-onset REM periods during the
MSLT). In summary, PSG is a vital tool for evaluating sleep-
disordered breathing, hypersomnia and parasomnias in
patients with mTBI. In addition, it enables assessment of
sleep architecture, a necessary but insufficient tool for
understanding sleep-specific neurophysiologic aspects of
mTBI.

Advanced Sleep Measurement Methods

Over the last 2 decades, the use of high-density EEG and sleep
neuroimaging methods has steadily increased in both healthy
and clinical populations [64–67]. Both approaches have fur-
ther refined our understanding of the localized and neural
underpinnings of healthy and disrupted sleep, as well as of
circadian variations in brain functions [68–70]. The use of
neuroimaging methods such as positron emission tomography
and structural and functional magnetic resonance imaging
during sleep and wakefulness in concussed, recovered, and
never concussed individuals remain scarce, but has a high
potential to provide unique and novel insights into the under-
pinnings of sleep and circadian disturbances in mTBI, and
therefore may guide the development of innovative and
targeted diagnostic and therapeutic strategies [70–75].

What Sleep Disorders Occur Following mTBI?

Subjective complaints of sleep–wake disturbances occur in
30–70% of those with TBI of all severity [76–80]. Insomnia,
fatigue, and somnolence are the most common clinical diag-
noses reported following mTBI, but sleep-disordered breath-
ing can also develop. Parasomnias may also be a significant
problem post-mTBI, but further study is needed to explore
true prevalence and ascertain whether the apparent incidence
is associated with use of selective serotonin reuptake inhibitor
medications rather than a true sequela of mTBI.

The most common objective PSG findings in patients with
mTBI are consistent with subjective reports of poor sleep

quality. More specifically, patients with mTBI demonstrate
increased sleep fragmentation, delayed sleep onset, increased
awakenings and time awake during the night, and reduced
sleep efficiency (e.g., [81]). Further, at least 3 studies have
found that relative to matched healthy controls, patients with
mixed-severity TBI demonstrate increased slow-wave sleep
(SWS) [22, 82], although another study found reduced SWS
and lower NREM delta power [83]. In light of the regenerative
effects of SWS (e.g., axonal sprouting and synaptic
remodeling), these findings appear to suggest a potential role
for SWS in recovery from TBI. Further supporting this
hypothesis, Sommerauer et al. [81] found that patients with
TBI slept 2.5 h longer per 24-h period—and also
underestimated their sleep need—relative to matched healthy
controls. Alterations in REM sleep have also been detected,
including decrease in total REM sleep and reduced REM
latency [77, 84, 85].

Hypersomnolence

Hypersomnia is a common and potentially very disabling con-
sequence of TBI of mixed severity, including mTBI. Indeed,
subjective complaints of daytime sleepiness are reported in
50–85% of individuals following head injuries [76, 77].
Both blast and blunt trauma head injuries can damage essen-
tial neural wakefulness circuits, including orexin- (hypocretin)
producing cells in the hypothalamus leading to a centrally
mediated hypersomnia [86]. Daytime sleepiness remits over
time in some patients with TBI; however, this symptom per-
sists in 10–53% [39, 54, 76–78, 80, 87]. It is not clear why
some patients continue to experience clinically significant
sleepiness, but both post-traumatic hypersomnia and post-
traumatic narcolepsy are known to emerge in a subset of pa-
tients with mTBI. Similar to narcolepsy type 1, cerebrospinal
fluid (CSF) hypocretin can be low or undetectable in these
conditions if the head injury resulted in damage to the
hypocretin-producing cells of the hypothalamus [54, 87]. In
contrast, CSF hypocretin is typically normal in patients with
narcolepsy type 2 (narcolepsy due to a medical condition) and
other causes of central hypersomnia.

Treatment of daytime sleepiness can prove challenging in
patients with mTBI as physical injuries, depression, and
PTSD are common and can exacerbate or confound symptom
presentation. Although it is generally recommended to restore
the sleep–wake cycle and optimize treatment of comorbid
diagnoses, there are currently no medications specifically ap-
proved for mTBI-related hypersomnia. Modafinil,
armodafinil, methylphenidate, and amphetamines are often
prescribed off-label for the treatment of daytime sleepiness.
Notably, there is a paucity of data regarding the safety and
efficacy of these medications among patients with mTBI. In
a prospective, double-blind, randomized, placebo-controlled
trial, Kaiser et al. [88] found that modafinil significantly
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improved both subjective and objective measures of sleepi-
ness in patients with TBI. However, it did not reduce subjec-
tive fatigue, highlighting the multifactorial nature of daytime
sequalae in this population. Similarly, Menn et al. [89] found
that armodafinil improved sleep latency on MSLT despite
relatively minor improvements in subjective sleepiness.
Nonpharmacologic treatments have also been studied.
Although not addressing sleepiness per se, Ponsford et al.
[90] found that morning bright light therapy improved general
fatigue in patients with mTBI.

Obstructive sleep apnea occurs at substantially higher rates
in patients with TBI than the general population. Studies have
reported OSA in 35–61% of patients with TBI [44, 76]. In
addition, patients with TBI with comorbid OSA experience
greater neurocognitive impairments in memory and attention
than those with similar TBI severity who do not have OSA
[91]. Treatment is analogous to those with other causes of
sleep-disordered breathing, where positive airway pressure
(PAP) is the standard of care. However, the impact of therapy
on neurocognitive recovery in patients with mTBI has not
been studied. That said, treatment of OSA improves cognitive
and executive functioning in patients without a TBI, although
resolution of deficits and normalization of function does not
occur in all individuals. It is thus unknown to what degree
treatment of sleep-disordered breathing could improve
function in patients with mTBI and OSA. Importantly, the
benefit of OSA treatment is highly influenced by the type of
therapy and therapeutic adherence. For example, although
PAP is a highly effective treatment when used properly,
many patients struggle to adhere to the therapy, limiting its
real-world effectiveness [92]. This is especially concerning in
patients with mTBI who might have insomnia or physical
injuries that limit their ability to properly don and wear the
device [93]. In addition, PTSD is common among patients
with mTBI, and PAP adherence in those with PTSD alone is
poor [94, 95].

Insomnia and Circadian Dysregulation

Prolonged sleep latency and sleep fragmentation are common
in both the acute (0–7 days), subacute (7–90 days), and chron-
ic phase (>90 days) of mTBI. Insomnia is the most common
sleep disorder following TBI of all severities, occurs in 30–
65% of those with chronic symptoms, and is more common
with less severe and blast-related injuries [39, 76, 96]. Similar
to hypersomnia, insomnia associated with mTBI is frequently
confounded by other factors, particularly pain and comorbid
psychiatric disorders. For example, mTBI is frequently asso-
ciated with significant autonomic dysregulation and alter-
ations in normal circadian patterns [53, 78]. Head injuries
and neurotrauma may affect normal melatonin production
[22]. Alterations in melatonin production and secretion fol-
lowing TBI not only both promote and propagate circadian

dysregulation and insomnia, but it might also portend worse
outcomes as melatonin provides neuroprotective properties in
animal models [97].

Insomnia and alterations of the sleep–wake cycle that de-
velop following mTBI are often complex and present treat-
ment challenges, in part due to frequent physical injuries, co-
morbid PTSD, and other psychological conditions, the use of
psychoactive medications, and alterations in melatonin pro-
duction. Although sedative hypnotics such as benzodiaze-
pines are commonly prescribed for this population, current
TBI treatment guidelines recommend avoiding benzodiaze-
pines if possible [10, 98], owing to risks for disinhibition,
increased cognitive dysfunction, dependence, and other side
effects. Nonbenzodiazepine receptor agonists such as
zolpidem, zopiclone, and eszopiclone are also commonly pre-
scribed, but there are no randomized studies assessing their
safety or efficacy in patients with mTBI. Notably, a recent
study reported that the use of hypnotics in patients with TBI
of mixed severity was associated with an increased risk of
dementia in this population [99].

CBTI is considered first-line treatment for chronic insom-
nia and can be successfully utilized in patients with mTBI
[100–105]. Previous reports have shown that CBTI reduced
daytime fatigue and improved nocturnal sleep quality among
patients with TBI [48]. Similarly, a recent sleep health pro-
gram by the Department of Veteran’s Affairs, which incorpo-
rated CBTI, relaxation techniques, sleep restriction, stimulus
control, and exercise proved beneficial in patients with persis-
tent TBI symptoms [106]. Melatonin may serve a beneficial
role in the treatment of mTBI-induced insomnia, but definitive
trials are not yet available. Nonetheless, in light of the poten-
tial for alterations in melatonin production and secretion fol-
lowingmTBI, replacement therapy may improve sleep among
these patients. However, in a study by Kemp et al. [107],
melatonin did not improve sleep latency, duration, or quality
among patients with TBI of mixed severity. In an observation-
al study of patients with mixed-severity TBI and insomnia
who received standard of care treatment for insomnia, focus-
ing on CBTI, patients with improved sleep had decreased
inflammatory markers as measured by C-reactive protein
[108]. Additional studies aimed at identifying the impact of
insomnia on outcomes, exploring effective therapeutic op-
tions, and measuring the benefits that treating sleep distur-
bances has on neurorecovery are clearly needed.
Importantly, identifying multiple strategies to treat adequately
sleep and circadian disturbances in mTBI, using both existing
and new pharmacological and cognitive-behavioral interven-
tions, is required in order to determine which treatment(s) are
most effective for an individual patient. Given the heteroge-
neity of mTBI and lack of operational consistency in the lit-
erature, clinical trials that can have a rapid impact and effec-
tively improve practice parameters must be conducted within
a framework of precision medicine.
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What are Potentially Unique Mechanisms for Sleep
Disturbance in mTBI?

Although a detailed review is beyond the scope of this paper,
multiple shared mechanisms that potentially underlie the rela-
tions between disturbed sleep and mTBI warrant mention
here. For example, recent elucidation of the acute
neurometabolic cascade after TBI and the cellular processes
that may relate to both acute and chronic symptoms lends
support to multiple levels of subtle damage to neurons, axons,
microtubules, and other structures that can result in dysfunc-
tional connections between critical links in the neural net-
works that regulate sleep drive, circadian rhythms, and sleep
quality (i.e., sleep architecture) [109]. Similarly, acute changes
that occur with brain injury impact cellular functions and neu-
ral microstructure, potentially causing cell death and more
persistent changes in brain function, including increased sleep
drive [12]. Other hypothesized shared mechanisms between
sleep disturbance and TBI of varying severity, including
mTBI, include impaired neurotransmitter function [54,
110–112], cerebrovascular autoregulatory dysfunction [113,
114], neuroinflammation [115], and dysregulation of circadian
hormones [22, 116, 117]. In addition, interactions between
mTBI and comorbid conditions such as PTSD [118],
polytrauma, and chronic pain [119], have received increasing
attention in the literature. These relationships are particularly
salient as numerous studies have demonstrated heightened
autonomic arousal in each of these conditions [120], likely
increasing risk for adverse outcomes following mTBI.
Finally, sleep disturbances are likely to contribute to long-
term adverse effects following mTBI through impaired im-
mune and degraded glymphatic function [121].

What are Treatment DevelopmentOpportunities for Sleep
Disturbances in mTBI?

In light of the high prevalence of clinically significant sleep
disturbances, as well as the potential neuroprotective and
neurorecuperative effects of sleep, and the paucity of longitu-
dinal and interventional studies in humans, it may be useful to
divide the treatment strategies into phases temporally related
to the injury. In the acute (or subacute) phase of injury, treat-
ment and interventions should be aimed at mitigating the po-
tential for long-term neurologic sequelae and minimizing the
development of subsequent sleep disorders. Recent strategies
developed in animal models have focused on altering the
sleep–wake cycle. For example, 24 h of total sleep deprivation
after TBI reduced the morphological damage and enhanced
recovery in rats [37]. Another group confirmed that hippo-
campal neurogenesis was enhanced in rats as a result of
short-term sleep deprivation following injury [38]. The effects
of caffeine shortly following injury have also been studied. In
a rat model, high-dose (25 mg/kg) caffeine administered

within 1 min of injury blocked the downstream effects of an
adenosine surge that is thought to mediate death due to
prolonged apnea [122]. Although caffeine may prove to be
advantageous in an animal model during the acute phase of
injury, its benefits in humans are currently unknown. Indeed,
it should be noted that > 30 drugs that showed benefit in acute
TBI animal models subsequently failed to show benefit in
human trials, highlighting the challenging nature of transla-
tional research in this area. Indeed, in humans poor sleep fol-
lowing injury, particularly in the subacute phase, has been
associated with worsened neuropsychiatric, behavioral, and
somatic outcomes [123, 124]. Similarly, there is a substantial
amount of data demonstrating the importance of adequate
sleep following mTBI during the chronic phase of injury.
Further, the Defense and Veterans Brain Injury Center warns
against caffeine use during the chronic phase as it may worsen
sleep fragmentation and insomnia [125]. Thus, alertness-
promoting strategies that manage and treat the daytime som-
nolence and fatigue that characterize mTBI and also minimal-
ly interfere with nocturnal sleep are greatly needed.

Beyond pharmacotherapy or sleep itself, researchers are
increasingly interested in tools that promote neuromodulation.
For example, noninvasive photic and auditory technologies
have shown promising initial results in the chronic phase of
treatment [126, 127]. The benefits of near-infrared light for
intracellular healing have also been associated with reduced
depressive severity and improved sleep quality over a 2-
month period among 10 patients with persistent TBI symp-
toms [128]. Perhaps the most exciting development in sleep
research that has potential relevance for mTBI-related sleep
disorders is the concept of glial lymphatics, or Bglymphatics^.
Glymphatics is based on the observation that CSF flow differs
during sleep and wakefulness, and improved CSF clearance
can mediate neurotoxic proteins. For example, Xie et al. [21]
reported increased clearance of interstitial waste during SWS
in mice. These findings are pertinent not only for mTBI in
general, but also for sleep disturbances in mTBI, as there is
increasing evidence that disrupted sleep can promote the ac-
cumulation of phosphorylated tau and β-amyloid proteins
[129]. Modulation of this process may prove beneficial for
the treatment of mTBI and other neurodegenerative disorders.

What are Methodological Considerations in Studying
Sleep in mTBI?

Existing studies assessing sleep disturbances in patients with
TBI have numerous limitations. Many are retrospective chart
reviews utilizing clinical data and questionnaires that are not
validated in patients with mTBI. As has been emphasized,
preinjury sleep patterns or potentially undiagnosed sleep dis-
orders are typically not assessed prior to injury, making it
difficult to discern whether pre-existing sleep disorders might
have contributed to the injury or development of chronic
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symptoms. Similarly, research evaluating insomnia is often
limited to subjective data and rarely employs well-defined
diagnostic or inclusion criteria. In addition, the comorbidity
of psychiatric disorders and frequent use of psychoactivemed-
ications can lead to oversight of insomnia as an independent
clinical disorder warranting treatment. Furthermore, few stud-
ies differentiate between the subjective complaints of insom-
nia symptoms, insomnia syndrome, sleep fragmentation due
to OSA, and circadian rhythm disorders. In terms of TBI char-
acteristics, most of the published research does not differenti-
ate between mechanism, severity, or time since injury. Given
these limitations, it is difficult to understand and appreciate the
association of sleep disorders with mTBI and their potential
impact on outcomes. The inclusion of representative samples
in prospective studies and clinical trials is crucial if research
findings are rapidly to impact patient care in an effective and
personalized manner.

Patient Selection

Patients with mTBI suffer from a variety of sleep disturbances
including insomnia (30–65%) [118, 130], hypersomnia (10–
53%) [89], and circadian rhythm abnormalities [53]. At the
same time, mTBI is highly comorbid with psychiatric sequel-
ae, including PTSD, anxiety, and mood disorders, as well as
somatic complaints, including headaches, chronic pain, and
fatigue. Further, mTBI is often associated with substance use
disorders. Each of these comorbid conditions can worsen
sleep. A central objective of future research must therefore
be to elucidate the nature of sleep–wake disturbances in
mTBI, and it is crucial to reduce heterogeneity and to define
subtypes of patients with TBI (i.e., patients without pre-
existing sleep, psychiatric, and substance disorders vs those
with these disorders) in clinical trials.

This scrutiny should be also extended to other factors that
determine the nature of insult and its consequences following
mTBI. They include, but are not limited to, postinjury time
period, medication side effects, organic conditions with poten-
tial for interference (e.g., prior sleep disorders, thyroid mal-
function, diabetes), and single versus multiple mTBI. The
time interval since mTBI is of substantial importance because
the sleep–wake disturbances following mTBI can start early
and often persist for years after the trauma [86]. It is also
important to evaluate the potential cumulative effects of re-
peated mTBI exposure on disease severity, and single versus
repeated mTBI should be considered when designing studies
to evaluate the associations between sleep and mTBI. In order
to understand the natural course of sleep disturbances in pa-
tients with mTBI, greater attention must be paid to variability
in day-to-day (and night-to-night) symptoms among those
experiencing sleep disturbances and mTBI. Finally, it will be
essential to include control participants in longitudinal trial
designs, including both matched healthy controls and

individuals exposed to trauma but not concussed [86]. To
ensure generalizable results, trial populations should be homo-
geneous with regard to the sleep disturbance itself.
Characteristics of sleep disordered breathing (mild, moderate,
or severe, as determined by objective testing), insomnia with
or without comorbid disorders, hypersomnolence, and circa-
dian rhythm disorders should be matched as closely as possi-
ble, especially for interventional studies. To meet these objec-
tives and ensure real-world generalizability, large sample sizes
will be required.

Measurement Issues

There appears to be a lack of concordance between subjective
report, chart review, clinical assessment, and sleep laboratory
measures in patients with mTBI. Therefore, multiple methods
are essential to capture both subjective and objective measures
of sleep, preferably with serial assessment. In addition to
assessing central tendency, within-subject variability and
night-to-night variability of sleep patterns must also be consid-
ered, as these are increasingly recognized as important deter-
minants of disease severity and treatment outcome [131–134].
The utility of caregiver report should also be evaluated. Finally,
there are reciprocal relationships between impaired daily func-
tion from mTBI, mood changes, chronic pain, and disrupted
sleep at night. Experience sampling or ecological momentary
assessments are likely to provide unique insights into the tem-
poral nature of these relationships [135]. Further, each of these
conditions amplifies sympathetic activation and exacerbates
the other disorders. Hence, measurement of sympathetic tone
during diagnostic sleep testing (e.g., heart rate variability, pe-
ripheral arterial tonometry, or pulse transit time) might be par-
ticularly helpful in objectively identifying sympathetic–para-
sympathetic imbalance and monitoring treatment outcomes.
To advance patient-centered care, general and disease-specific
HrQOL should be measured over time [136]. Finally, health
economic measures, including direct and indirect costs, should
be included as primary endpoints so that the most cost-effective
treatments are identified [137].

Clinical Trial Design

Currently, there are no specific treatments for management of
TBI-induced sleep disorders other than those used in patients
without a TBI. Further, to date, most TBI treatment studies
have produced disappointing results. In addition to the afore-
mentioned heterogeneity and resulting risks for pseudo-spec-
ificity, studies to date have suffered from inconsistent mea-
surement of sleep, as well as a lack of clearly defined and
mTBI-specific endpoints or measures.

Given the complex physiological and cognitive-behavioral
nature of sleep–wake disturbances after mTBI on the one
hand, and absence of reliable outcome data on the other, it

412 Wickwire et al.



would be prudent to develop studies with multiple subjective
and objective measures of sleep in the short (3–6 weeks),
medium (3–4 months), and long term (6–12 months). It is
essential to distinguish between managing sleep during the
acute (0–7 days) and subacute (7–90 days) phases and treating
chronic sleep disorders following mTBI (>90 days).
Therefore, trial duration and endpoint measurement should
also be consistent with the postconcussive period (acute, sub-
acute, persistent postconcussive). Adaptive clinical trials are
likely to be of particular benefit, as this approach will enable
flexible attention paid to the variability of symptoms and fa-
cilitate a personalized medicine approach.

A Roadmap for the Way Forward: Targeting Sleep
Disturbances in mTBI

In spite of over a decade of research and many millions of
dollars of invested, clinical care for patients with mTBI too
often produces disappointing results. Enhanced sleep and
targeted sleep disorders treatments hold promise for rapidly
improving outcomes and HrQOL among these patients. At the
same time, scientific and practical challenges are evident. Our
working group identified 3 pillars necessary to achieve the
vision of improved outcomes in mTBI through improved
sleep. Key recommendations are presented in Table 2.
Perhaps most important, it is essential to recognize that a suc-
cessful effort will require sustained commitment from multi-
ple stakeholders, including academia, industry, governmental

regulatory authorities, funding agencies, health systems, med-
ical educators, and advocacy groups.

First, it is necessary to increase the quantity, quality, and
efficiency of sleep-related data that are acquired during the
many thousands of mTBI patient encounters each year. This
necessi tates capital investment in infrastructure.
Establishment of a multisite data repository or expansion of
data repositories already in existence, such as the Federal
Interagency TBI Repository, to include greater amounts of
sleep-related data is required. Such a repository will allow
researchers to aggregate and share sleep-related data from
multiple sites, employing validated measures, systematizing
endpoints, and accelerating discovery. Such approaches are
highly successful in other disease states (e.g., Alzheimer’s
dementia). Discussions are underway to determine the most
efficient ways advance similar efforts among diverse stake-
holders regarding sleep in mTBI.

Second, there is a clear need for improved understanding of
the natural course of sleep disturbances in mTBI, including
the neural, immune, endocrine, physiological, and cellular
mechanisms underlying this relationship. In particular, im-
proved understanding is required regarding the long-term con-
sequences of single and multiple mTBI, including impact on
neurodegeneration and HRQoL. This will help identify novel
targets, so that new treatments can be developed. To achieve
these objectives, multimethod and serial assessments of sub-
jective and objective measures of sleep in mTBI are needed.
Analysis of such longitudinal data will provide much-needed

Table 2 Key actionable recommendations to improve outcomes in sleep in patients with mild traumatic brain injury (mTBI)

Recommendation Strategy and benefit

Scientific recommendations

Shared data repository Sleep-specific items should be incorporated into existing data repositories such as the Interagency Traumatic
Brain Injury Repository (FITBIR). In addition, a shared repository for detailed sleep measurement
(e.g., actigraphy, PSG, and neuroimaging) should be constructed and utilized by a core network
of sleep TBI clinical and research centers

Serial assessment Longitudinal studies should be conducted to understand changes in sleep over time in patients with mTBI
and to identify predictors of chronic sleep disorders following mTBI. These studies must employ
multimethod assessment of sleep and mTBI outcomes, including subjective and objective measures
and HRQoL. To increase speed, multisite studies can be conducted among a core network of sleep
TBI clinical and research centers

Improved treatment development Studies of targeted treatments for TBI-specific sleep disorders (e.g., post-traumatic hypersomnia/narcolepsy
and post-traumatic insomnia) are urgently needed. Standard treatments for sleep disorders require
optimization for mTBI. Particular emphasis should be put on psychiatric and other comorbidity, including
polytrauma. Economic measures must be included to enable identification the most cost-effective treatments

Educational and systems recommendations

Improved provider education A scalable sleep-specific educational curriculum including provider tools should be developed for head injury
medical professionals. A modular format should be employed for standalone use or incorporation into
existing curricula

Increased access to care Dramatically increased access to sleep medicine services in head trauma centers is required. In addition to
improved provider education and greater collaboration within individual centers, opportunities to leverage
technology and incorporate tele-health should be pursued

PSG = polysomnography; HRQoL = health-related quality of life
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insight into both the natural course and neurorecuperative ef-
fects of sleep in patients with mTBI. Longitudinal analyses
will also enable the identification of predictors of resilience to
or development of chronic sleep disorders in TBI, and poten-
tially predict other chronic postconcussive symptoms and
even future risk for neurodegeneration. Because both sleep
disturbances and mTBI negatively impact HRQoL, it will be
especially fruitful to evaluate this relationship over time.

Finally and, most important, patients with mTBI require
greater access to improved sleep treatments. This will require
rapid development of targeted treatments for TBI-specific sleep
disorders (e.g., post-traumatic hypersomnia/narcolepsy and
post-traumatic insomnia), as well as adaptation and more effec-
tive dissemination of standard sleep treatments in patients with
mTBI. In light of the frequent co-occurrence of mTBI and
psychiatric disorders, adaptive clinical trials that target multiple
symptoms are likely to be particular beneficial in refining cur-
rent treatments to mTBI populations. In terms of increasing
access to care, incorporating sleep-specific education into head
injury curricula of health professionals and enabling access to
sleep medicine services in head trauma centers are practical,
feasible, and likely to provide rapid and substantial benefit.
From a discovery perspective, development of future targeted
therapies in sleep and mTBI is vital. These efforts will require
consensus between practitioners, regulatory authorities, and
pharmaceutical companies regarding the validation and accep-
tance of mTBI-related sleep disorders as appropriate indica-
tions for new drug development. In our view, and in each of
these domains, partnerships between clinicians, regulatory au-
thorities and other governmental agencies, and interested phar-
maceutical companies are essential.
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