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Abstract: Traumatic brain injury (TBI) is a global health problem that affects millions of
civilians, athletes, and military personnel yearly. Sleeping disorders are one of the under-
recognized sequalae even though they affect 46% of individuals with TBI. After a mild TBI,
29% of patients have insomnia, 25% have sleep apnea, 28% have hypersomnia, and 4% have
narcolepsy. The type of sleep disturbance may also vary according to the number of TBIs
sustained. Diffuse axonal injury within the sleep regulation system, disruption of hormones
involved in sleep, and insults to the hypothalamus, brain stem, and reticular activating system
are some of the proposed theories for the pathophysiology of sleep disorders after TBI.
Genetic and anatomical factors also come to play in the development and severity of these
sleeping disorders. Untreated sleep disturbances following TBI can lead to serious conse-
quences with respect to an individual’s cognitive functioning. Initial management focuses on
conservative measures with progression to more aggressive options if necessary. Future
research should attempt to establish the effectiveness of the treatments currently used, as
well as identify manageable co-existing factors that could be exacerbating sleep disorders.
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Introduction

Traumatic brain injury (TBI) is defined as a disruption in brain function due to the
impact of contact forces including rapid acceleration, deceleration, or collision,
manifesting as altered state of consciousness, neurological deficits, and/or amnesia.’
It is classified as mild, moderate, or severe depending on the presence and duration
of the symptoms.> TBI is a significant public health problem affecting civilians,
athletes, and military personnel as a result of motor vehicle accidents, falls, contact
sports, assaults, and explosions.”* Over the years, the rates of TBI in the US
population have increased with more emergency room visits, driving the health
care costs, though the rate of hospitalization and deaths has been steady.” In fact, it
is estimated that 1.5 million people in the US suffer a brain injury every year.
Approximately, 80% of these injuries are classified as mild in severity.'

Mild TBI (mTBI), the most common form of TBI in high-impact sports,® can
lead to a wide array of cognitive, emotional, and somatic symptoms.” The most
frequently reported symptoms include fatigue, headaches, memory impairment,
concentration deficits, and sleep-related problems.® The majority of patients achieve
complete resolution of symptoms quickly after a mTBI, but 10-20% may develop
persisting symptoms.” In fact, neuropsychological testing revealed persistent cog-
nitive impairments in boxers following mTBI extending beyond the subjectively
symptomatic period.®
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Sleep disorders are underrecognized consequences of
TBI despite their high prevalence. In general, around 46%
of individuals have sleep disorders following TBI includ-
ing sleep apnea, insomnia, post-traumatic hypersomnia,
and narcolepsy.’

It is important to recognize and manage sleep disorders
in TBI patients because untreated sleep disturbances trans-
late to longer hospital stays, higher cost of rehabilitation,
and more disability."

The aim of this review is to discuss the pathophysiology
of sleep disturbances after TBI, the various sleep disorders
encountered, their management, and future directions.

Neurobiology of sleep

The suprachiasmatic nucleus in the hypothalamus is the
master regulator of circadian rhythms. A cluster of neurons,
known as the reticular activating system (RAS), expand into
the hypothalamus from the tegmentum of the brainstem and
play a crucial role in maintaining arousal. The network of
neurons in the RAS process information from multiple
projections in the brain through neurotransmitters and neu-
romodulations to control sleep and wakefulness.*

There are three distinct states of being: wakefulness,
rapid eye movement sleep (REM) and non-rapid eye move-
ment sleep (NREM). Monoaminergic and cholinergic system
are predominantly wake-promoting systems, which also
receive excitatory hypothalamic hypocretin/orexin input to
promote wakefulness. GABAergic system is the important
sleep-promoting system and is present in the brainstem,
lateral hypothalamus, and preoptic area. REM sleep is pri-
marily generated in the dorsolateral pons. Cholinergic acti-
vation promotes and maintains REM sleep.”

Sleep and wakefulness is a fine interplay between the
homeostatic and circadian drive. Homeostatic drive is also
called sleep drive, which increases continually during
wakefulness and is reduced by sleeping. This drive is
primarily regulated by adenosine through a partially under-
stood mechanism that involves cortical neuronal nitric
oxide (nNOS) neurons and neurokinin 1 receptors.'” On
the other hand, the circadian rhythm is the alerting process
driven by suprachiasmatic nuclei in the hypothalamus. It
naturally dips in the late afternoon but is high during the
day and low during the night. It is primarily regulated
through the light-induced suppression and darkness-
induced release of the pineal neurohormone melatonin.''
The integration of the two drives also takes place in the
suprachiasmatic nucleus and may involve orexin A/hypo-
cretin 1 input.'?

Other neuropeptides involved in sleep—wake regulation
include pituitary hormones, cytokines interleukin-1, interleu-
kin-6, and tumor necrosis factor alpha'® as well as melanin-
concentrating hormone (MCH). MCH coexists with GABA

in hypothalamic neurons involved in REM control."*

Pathophysiology of sleep
disturbance after TBI

Direct factors

Several theories have been proposed for the pathophysiol-
ogy of sleep disorders after TBI. Diffuse axonal injury
(DAI) occurring within the arousal and/or sleep regulation
system has been implicated as a possible cause.'>'” DAI
can occur across the spectrum of TBI severity and is
considered the most important factor in determining mor-
bidity in TBI patients.'® DAI leads to impairment in axo-
nal membrane stability and intracellular function which
results in signal disruption and accumulation of proteinac-
eous waste products." Moreover, the ruptured cell mem-
branes release glutamate which provokes a toxic metabolic
cascade of cell injury leading to acidosis and edema.'®

Disruption of hormonal systems involved in sleep is
another implicated cause of sleep disturbance after TBI. In
research studies, TBI groups were found to have decreased
levels of hypocretin, histamine, and melatonin in the
CSF.'® Hypocretin and histamine are wake-promoting neu-
rotransmitters; therefore, low CSF levels of these two are
associated with hypersomnia.'”?® On the other hand,
reduced melatonin is associated with decreased REM
sleep in TBI.?" Studies showed that 95% of patients with
acute TBI had low CSF hypocretin (less than 320 pg/mL),’
and autopsies of individuals who died from severe TBI
showed a 41% reduction of histaminergic neurons in the
tuberomammillary nucleus of the hypothalamus.'®

Insults to key brain regions involved in sleep such as
the hypothalamus, brain stem, and RAS also underpin
sleep disturbances in TBI patients.**° Damage to the
retino-hypothalamic tract, which coordinates the hypotha-
lamic circadian pacemaker with the light—dark cycle, can
lead to abnormally programmed circadian rhythms.?® Post-
TBI animal models also show impairment in the expres-
sion of BMALI and Cry 1 genes indicating disruption in
the circadian rhythm.?'

There are also genetic factors that come to play in the
development of sleeping disorders in mTBI patients. Per3
is one of the many polymorphic genes that are involved in
the regulation of the circadian rhythm. Studies showed that
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carriers of Per3 have a shorter duration of sleep at 6 weeks
post mTBI compared to baseline, and only Per3 noncar-
riers showed improvement in sleep quality with time.’

In addition, some craniofacial phenotypes may be parti-
cularly vulnerable to the development or worsening of sleep
disorders. In acceleration—deceleration injuries, variations
in the structure of the tentorial notch may impact the level of
brainstem distortion. Also, people with certain anatomical
features may be more prone to injure the pineal gland,
resulting in dysregulation of melatonin homeostasis. This
impairs adequate circadian activity and leads to sleep
disturbances.*” Sleep-disordered breathing such as obstruc-
tive sleep apnea can also be a consequence of injury to
upper respiratory muscles along with TBI. Supine sleep,
weight gain, and medication — induced reduced muscle tone
and respiratory depression further contribute to sleep-dis-
ordered breathing in TBI patients.’

Indirect factors

It is important to acknowledge the contribution of second-
ary factors like fatigue and depression after TBI to the
development of sleep disturbances.'> Generalized anxiety
disorder within 3 months of TBI has been consistently
correlated to onset of insomnia.>> Moreover, people with
TBI tend to use more medications than the general popula-
tion such as antidepressants, analgesics, and sedative-hyp-
notics which can add to the sleep deficits observed.*?°
Other secondary complications following TBI, such as
medical comorbidities, may also play a role in sleeping
difficulties.”’

To conclude, taken together, the risk for sleep distur-
bances in a patient with TBI is the product of several
internal and external influences, all acting on a genetically
determined substrate.”> Untreated sleep disturbances fol-
lowing TBI can lead to potentiation of the injury at cellular
level, leading to cognitive dysfunction: Sleep is essential
for the optimal functioning of the glymphatic system,
which is the waste clearance pathway of the central ner-
vous system.”* Therefore, sleep disruption may lead to
reduced clearance and subsequently increased accumula-
tion of proteinaceous waste products like p-tau and beta-
amyloid. Also, in TBI patients, resulting astroglial scars
and inflammation may further the damage to the glympha-
tic system and increase the buildup of these neurotoxins.
Persistent accumulation of waste products may potentiate
neurodegenerative processes like Alzheimer’s disease and
chronic traumatic encephalopathy.'®

Various sleep disorders encountered
in TBI

Studies have shown that mild TBI is more strongly asso-
ciated with sleep disturbances than moderate to severe
TBI? This may be because individuals with mild TBI
are more likely to report sleep disturbances than people
with severe TBI who perceive sleep disturbances as minor
compared to other cognitive sequelae.” However, research
has also proposed that the location of the lesion is more
important than the severity of TBI in predicting sleep
outcomes, where damage to the arousal/sleep regulation
centers causes the most sleep disturbances.*”

Nearly 50% of patients report sleep disturbances after
injury (Tablel). Actigraphy and polysomnography, which
are objective measures of sleep, verify the subjective com-
plaints reported.'” A meta-analysis reported that after a
TBI, 29% of patients have insomnia, 25% have sleep
apnea, 28% have hypersomnia, and 4% have narcolepsy.'’

Acutely after a TBI, individuals can experience early
phase symptoms like headaches, fatigue, amnesia, and
sleep disruption. These symptoms resolve over a few
weeks in the majority of people. However, 10-15%
develop prolonged symptoms that affect the quality of
life." Studies have shown that individuals with TBI have
longer sleep onset latencies, shorter total duration of sleep,
and more nighttime awakenings than controls. Also, TBI
patients were found to spend less time in REM sleep. They
report poor sleep quality, more daytime dysfunction, and
the use of more sleep medication. This was corroborated
by objective sleep measures like the Epworth Sleepiness
Scale and PSQL>°

The type of sleep disturbance might vary according to
the number of TBIs. Following a first TBI, the most com-
monly reported complaint is onset insomnia. Following an
additional TBI, maintenance insomnia intensifies.? In mili-
tary personnel, the number of lifetime TBIs was found to be
a significant predictor of insomnia severity even when con-
trolling for depression, PTSD, and severity of concussion
symptoms.” In fact, insomnia is one of the most commonly
reported symptoms among patients with TBI, and it is the
second most documented sleep disturbance in people with
TBI, after snoring.** Prevalence rates of insomnia, which
are estimated to range from 6% to 10% of the general
population, reach 25-29% in patients with TBL.>

In a prospective study, TBI patients were recruited
from rehabilitation facilities and underwent sleep studies
at least 3 months post-injury. 6% of the TBI patients met
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the diagnostic criteria for narcolepsy, which is significantly
higher than the prevalence of the diseases in the general
population (0.056%).” The prevalence of sleep-disordered
breathing in TBI patients was found to be 23% which is
also significantly higher than the general population. In
rehabilitation centers, parasomnias — most commonly
REM sleep behavior disorder — were the presenting com-
plaint in 25% of patients with brain trauma.’

Increased sleep need after mTBI, also known as post-
traumatic hypersomnia, affects around 20% of individuals
after brain injury. It manifests as fatigue, longer sleep
durations, or excessive daytime sleepiness. Several notions
have been proposed as causative factors. The first hypoth-
esis is that persistent pain is an important cause for both
the development and maintenance of excessive sleep
need.”” Decreased quality of life due to pain was signifi-
cantly associated with sleep need exceeding eight hours
per day as well as increased number of naps.”> This is
because patients with pain were found to have increased 3
power frequency — brain waves associated with active
thinking and concentration — in the prefrontal and frontal
cortices during NREM and REM sleep compared to mTBI
patients with no pain, which could cause a relative state of
“arousal” even when asleep. This impedes the restorative
function of sleep leading to increased sleep need to com-
pensate. Another hypothesis implicated the hypocretin
system in the development of increased sleep need after
brain injury. As mentioned previously, low levels of hypo-
cretin have been found in the CSF of most TBI patients,
which can explain increased sleepiness.”

Untreated sleep disorders impact sleep architecture.
Moderate to severe TBI is characterized by increased
slow wave sleep (SWS) and reduced stage 2 sleep,
reflecting cortical reorganization and restructuring after
injury. These alterations in sleep architecture have not
been observed in mild TBL"'® Both obstructive sleep
apnea and insomnia patients have reduced REM and
slow wave sleep, but these tend to normalize with effec-

tive treatment. "'’

Impact on quality of life

Sleep disorders significantly impact quality of life and
contribute to disability. Inadequate sleep can negatively
affect rehabilitation and optimal recovery in inpatients
with TBI, leading to poorer outcomes and cognitive
dysfunction.”® Moreover, insomnia has been associated
with increased disability and delayed recovery from brain
injury in workers independent of age, gender, and other

psychiatric co-morbidities. This was determined using the
Sheehan disability scale (SDS), which measures items
pertaining to impairment in work, social life, and family
responsibilities.* This emphasizes the importance of iden-
tifying and treating sleep disorders to improve quality of

life and work-related outcomes.*

Diagnosis
It is important to start by ruling out modifiable causes of
sleep disturbances like pain, bowel/bladder issues, and
mood disturbances.®

Adequate management starts with accurate diagnosis.
Subjective sleep symptoms in TBI patients can be unreli-
able; therefore, objective testing with polysomnography
and MSLT are essential to diagnose sleep disorders like
sleep apnea, narcolepsy, and post-traumatic hypersomnia.”
Actigraphy and sleep logs at home over several nights are
also good ways of assessing sleep after TBL.>"'> The sleep
lab can create a new and confounding environment for the
individual, which makes actigraphy a useful alternative

. . . 1
since it assesses sleep at home over several nights.>'”

Management

Conservative management
Initial management should focus on conservative measures
with progression to more aggressive options if necessary.

Sleep hygiene
Sleep hygiene is the first factor to address, including
avoiding stimulating activities before bed, fixed schedules,
and avoiding late afternoon caffeine and alcohol. If the
patient is not asleep within 30 mins of being in bed, he or
she should engage in any stimulating activity in another
room and return to bed only when drowsy.* Regular
aerobic exercise has also been shown to improve sleep
quality in TBI patients.®

Cognitive behavioral therapy (CBT) is also a techni-
que that helps alter a patient’s negative associations with
sleep. Examples include relaxation training and CBT.®
CBT for insomnia (CBTi) is considered the first-line
approach for management of insomnia. It works by tar-
geting and altering dysfunctional beliefs and attitudes
about sleep.®?’ It is associated with increased total
sleep time and decreased sleep—onset latency as evi-
denced by objective sleep measurements like actigraphy
and polysomnography,28 and it has been found to be
superior to pharmacological therapy.>®
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Phototherapy or light exposure

A study also looked into the effect of ocular light exposure
as a stimulant in the TBI population, and it showed
reduced fatigue and daytime sleepiness with blue light
therapy compared with the use of modafinil for 6 weeks.®
Some patients with TBI are very sensitive to light; there-
fore, avoidance of full spectrum bright light is advised.

Other non-pharmacotherapies

Osteopathic manipulative treatments (craniosacral therapy,
visceral and neural manipulation) as well acupuncture also
showed benefits in sleep quality for TBI patients.®

Pharmacotherapy

Pharmacotherapy should be initially attempted as a short-

term treatment using the lowest effective dose and inter-

mittently to avoid tolerance and dependence.
Pharmacotherapy is divided into three categories based

on the predominant sleep symptomatology.

Insomnia

A commonly used drug to treat insomnia after head injury
is trazodone, an antidepressant with both sedative and
anxiolytic properties.” Zolpidem, zaleplon, zopiclone, and
eszopiclone are also non-benzodiazepine hypnotics that
are frequently used.” Common interventions used for
insomnia are summarized in Table 2. If insomnia is due
to PTSD, studies on veterans with mild TBI have shown
that prazosin, a selective a-1 receptor antagonist, improves

symptoms. 8

Post-traumatic hypersomnia/post-traumatic

narcolepsy

Stimulant therapy would be warranted for post-traumatic
hypersomnia. Positive results have been seen with moda-
finil. Increased aggression was noted in patients after
initiation of methylphenidate, but beta blockers have
shown some potential in mitigating drug-exacerbated

aggression.?>°

Circadian rhythm disorders

Sleep agents like melatonin (0.5-3 mg/night), valerian root
(300-600 mg per day), and L-tryptophan have been used,
but studies have shown limited effectiveness in the TBI
population.*?” In fact, the management of circadian
rhythm disorders in TBI is mostly the same as the general
that
decreased mobility, sedative effects of medications, and

population  except prolonged  hospitalization,

tube feeding with no proper light exposure could be
challenging.®' Secondly, the reduction in the intrinsic mel-
atonin secretion in patients with TBI may warrant higher
doses of melatonin for management of circadian rhythm
disorders.*

Revised strategies for managing various circadian
rhythm disorders include a combination of light and
melatonin therapy.>® In patients with advanced sleep—
wake phase disorder, light therapy 2 hrs in the evening
is recommended. Figure 1 demonstrates both the pretreat-
ment and post-light therapy sleep—wake cycles (Figure 1).
For delayed sleep—wake phase disorder, melatonin
between 0.5-3 mg is recommended 5 hrs before habitual
bedtime, as well as light therapy (at least 5000 lux) 30
mins to 2 hrs upon awakening. Figure 2 demonstrates
both the pretreatment and post light and melatonin ther-
apy sleep—wake cycles (Figure 2). It is difficult to treat
patients with irregular sleep—wake phase disorder, and a
trial of melatonin between 0.5 mg and 3 mg is suggested
at bedtime, as well as light therapy during daytime along
with structured daytime activities. Figure 3 demonstrates
both the pretreatment and post-light therapy sleep—wake
cycles (Figure 3). For non-4-h sleep—wake phase disor-
der, management differs between sighted and blind
patients. In blind patients, melatonin 0.5 mg or tasimel-
teon is suggested 1 h before habitual bedtime. In sighted
individuals, bright light is recommended upon awakening
along with regular sleep—wake schedule with or without

melatonin.>*

Management of other comorbid sleep
disorders

Obstructive sleep apnea

TBI patients with sleep apnea are treated effectively with
continuous positive airway pressure, though cognitive
impairment and/or co-morbid post-traumatic stress disor-
der can be a major hurdle.

Periodic limb movements
The patients with periodic movements are well treated
with pramipexole at a dose of 0.375 mg/day.

Bruxism (sleep-related teeth grinding)

The standard of care is a mouth guard that protects the
teeth from the wear and tear of grinding. A single study,
however, also showed success in the treatment of bruxism
with botulinum toxin in a TBI patient.’
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Table 2 Insomnia management in TBI patients

Treatment Dosage Results Duration Type of study
Ramelteon®® 8 mg Increase in total sleep time 3 weeks RCT/Cross cover
Improvement in executive functioning
Zopiclone** 3.75-7.5 mg Improvement with no cognitive deficits 7 days RCT
Lorazepam™** 0.5-1 mg Improvement with no cognitive deficits 7 days RCT
CBTI* 6 weeks 79% of patients improvement 6 months Open label
Acupuncture*® 10 sessions/5 weeks Insomnia severity index improved in intervention arm I month RCT
Abbreviation: RCT, randomized control trial.
22:00
s
~ -
2 hours of Iigh:herapy in
the evening
20:00 4:00
6:00
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L v Q
Advanced sleep wake phase disorder Sleep schedule with treatment
Figure | Management of advanced sleep—wake phase disorder.
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Delayed sleep wake phase disorder Sleep schedule with treatment
Figure 2 Management of delayed sleep—wake phase disorder.
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Irregular sleep wake disorder

Figure 3 Management of irregular sleep-wake phase disorder.

Future direction

Given the importance of early identification and manage-
ment of sleep disorders in TBI patients, future research
should continue to focus on diagnosis and treatment ques-
tions. Biomarkers could be established to characterize the
presence or absence of brain injury, like protein or neuroi-
maging markers.' Emphasis on pain management and
further research into its role in the pathophysiology of
sleep disturbances is warranted.”> Also, fatigue co-exists
with sleep disturbances in most cases and may exacerbate
it. Therefore, targeting both fatigue and sleep disturbance
in treatment is worth investigating.’®> Finally, more
research is needed to establish the effectiveness of various
treatment and management approaches in TBI patients."

Conclusion

Sleep disorders are common in people who suffer TBIs
due to disruption in the arousal/sleep regulation system
and hormonal systems. Timely diagnosis and management
of these sleep disorders is very important for adequate
neuro-recovery. Failure to do so can lead to impaired
cognition and quality of life. Management should start
with conservative measures such as sleep hygiene and
CBT followed by pharmacological agents if the former
approaches do not succeed.
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Irregular sleep wake phase disorder with treatment
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