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Abstract

The acute and long-term consequences of mild traumatic brain injury (mTBI) are far reaching. Though it
may often be overlooked due to the now expansive field of research dedicated to understanding the con-
sequences of mTBI on the brain, recent work has revealed that substantial changes in the vestibulo-auditory
system can also occur due to mTBI. These changes, termed “labyrinthine” or “cochlear concussion,” include
hearing loss, vertigo, and tinnitus that develop after mTBI in the setting of an intact bony labyrinthine cap-
sule (as detected on imaging). In the review that follows, we focus our discussion on the effects of mTBI on
the peripheral structures and pathways of the auditory and vestibular systems. Although the effects of in-
direct trauma (e.g., noise and blast trauma) have been well-investigated, there exists a profound need to
improve our understanding of the effects of direct head injury (such as mTBI) on the auditory and vestibular
systems. Our aim is to summarize the current evidentiary foundation upon which labyrinthine and/or co-
chlear concussion are based to shed light on the ways in which clinicians can refine the existing modalities
used to diagnose and treat patients experiencing mTBI as it relates to hearing and balance.
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Introduction

Approximately 4.8 million Americans are evaluated for
traumatic brain injury (TBI) every year, with 85% of
these individuals experiencing mild TBI (mTBI)."?
After sustaining mTBI, patients can have continued im-
pairment including headache, anxiety, depression,
anger, substance use disorder, dementia, and suicidal ide-
ation." It is estimated that 53% of those who experience
mTBI report continued impairment at 1 year post-injury.’
The lasting impact of mTBI and the myriad neuropsychi-

atric effects it can induce make it an important area of re-
search. For example, mTBI has been studied for its
association with neurodegenerative disease and chronic
cognitive impairment as well as persistent post-
concussion syndrome. As a result of the ongoing Trans-
forming Research and Clinical Knowledge in Traumatic
Brain Injury (Track-TBI) study, we are now on the fore-
front of major advances in terms of leveraging the com-
promised blood—brain barrier in mTBI to identify blood
biomarkers that can help distinguish concussion from
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sub-concussive head injuries, and overall degree of mTBI
severity, and predict recovery following mTBI. Although
these have been major areas of focus in recent years,
emerging evidence suggests that the otological system—
namely the vestibular apparatus and cochlea—may play a
role in symptomatic mTBI, and it has already been shown
that alterations in auditory function are associated with
severity of clinical course in patients with mTBI.*

Hearing loss, tinnitus, and hyperacusis are all common
side effects of mTBI yet can be difficult for clinicians
who are managing patients with mTBI to detect.* To
date, most studies investigating auditory dysfunction in
the setting of mTBI have focused on indirect noise-
related blast injuries, particularly among current mem-
bers and veterans of the U.S. military.s’8 However, direct
head-trauma-induced mTBI may also cause auditory dys-
function. The incidence of hearing loss post-TBI report-
edly ranges between 7% and 50%, with the authors
reporting high-frequency sensorineural hearing loss
(SNHL) in 10-24% of cases.”'° These results are concor-
dant with previous studies such as Griffiths’ investiga-
tion, which found a 56% incidence of hearing loss in
patients following TBL.'' The clinical signs of mTBI-
associated auditory effects can be difficult to detect in
mTBI due to the complexities of the functional alter-
ations in the auditory pathway. Further, auditory distur-
bances are not the only effects related to mTBI-induced
inner ear dysfunction, as vestibular manifestations can
add an additional layer of complexity to this pathological
phenomenon. Unfortunately, it is still unclear how often
mTBI leads to vestibular dysfunction, as Fausti and asso-
ciate reported presence of vertigo in only 15% of patients,
which is markedly lower than the 95% incidence reported
by Davies and Luxon.'*"3

In this review, we investigate changes that occur within
the vestibular and auditory systems in the setting of
mTBI-associated cochlear concussion, a phenomenon
characterized by functional impairment that is not mir-
rored by any detectable damage to the structures of the
inner ear. Notably, deficiencies in the auditory or vestib-
ular systems are clinically important and can significantly
alter patient quality of life and ability to perform activities
of daily living. Ultimately, this review aims to promote
awareness of cochlear (or labyrinthine) concussion
among clinician-scientists so that they may seek ways to
refine existing diagnostic tools and treatments for patients
who sustain mTBI and subsequently experience symp-
toms of vestibular and/or auditory impairment.

Methods

To identify studies describing the associated mecha-
nisms, clinical signs and symptoms, and diagnostic tech-
niques and/or modalities used to diagnose cochlear
concussion and/or auditory mTBI, we first performed a

search of the PubMed, Scopus, and Web of Science data-
bases using the following Boolean search term: [(mild
TBI OR mTBI OR mild traumatic brain injury OR blast
trauma OR cochlear concussion OR labyrinthine concus-
sion) AND (vestibulo-auditory OR vestibular OR vesti-
bule OR auditory OR cochlear OR hearing OR tinnitus
OR vertigo)]. Following removal of duplicates, remain-
ing studies were subject to title and abstract screen,
which was performed by two authors (R.S., N.J.B.).
Remaining articles underwent full text screen to deter-
mine their suitability for incorporation into the present re-
view. References for each study were screened to identify
any studies that might not have been identified during our
initial query. Ultimately, reference screen did not yield
any additional studies. From the final list of included
studies, we highlighted the main points from each to syn-
thesize a concise narrative such that it may serve as a use-
ful reference for clinicians who might otherwise not be
familiar with the clinical syndrome involving vestibular
and/or auditory impairment in the setting of mTBI.
Although it is likely under-diagnosed, we hope to in-
crease awareness of this disorder and equip clinicians
with the baseline knowledge necessary to detect mTBI
with concurrent vestibulo-auditory symptoms so that it
may be properly recognized and diagnosed by a wide
breadth of health care providers.

Mechanism of Noise and Blast Injury Mediated
Effects on the Auditory System

Anatomy and function of the auditory system:

A brief introduction

Following movement through the outer ear, sound waves
reach the tympanic membrane, commonly known as the
eardrum, at which point they are transmitted to the mid-
dle ear. Vibrations from the tympanic membrane induce
movement of the malleus, incus, and stapes, the three
small bones within the middle ear that amplify vibra-
tional sound energy and transfer it to the cochlea (inner
ear) via the oval window (Fig. 1). The oval window
serves as a fluid cushion that transmits the sound energy
to the cochlear fluid, and this energy is dissipated as nec-
essary through decompression at the round window
(a small cochlear aperture that opens and closes as
sound waves strike the oval window to keep inner ear
pressure within normal limits).

The cochlea ultimately contains special mechanore-
ceptors called hair cells that convert sound energy to
electrical energy, which is then relayed to the central ner-
vous system by peripheral nerves. Specifically, inner hair
cells (IHCs) overlying the basilar membrane within the
organ of Corti contain stretch mechanoreceptors that
are activated when sound waves induce vibration of the
basilar membrane, bringing them into contact with the
overlying tectorial membrane. Activation occurs any
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time the hair cells brush up against the tectorial mem-
brane. The electrical signal generated is transferred first
to the spiral ganglion followed by auditory nerve fibers,
which conduct the signal to the cochlear division of cra-
nial nerve (CN) VIII, and ultimately to the cochlear nu-
cleus within the ipsilateral brainstem. From the
cochlear nucleus, many neurons cross over to the contra-
lateral superior olivary nucleus, whereas some synapse
within the ipsilateral superior olivary nucleus. From the
superior olives, ascending tracts make their way to the in-
ferior colliculus and ultimately to the medial geniculate
nucleus of the thalamus, from which point they are re-
layed to the primary auditory cortex of the temporal lobe.

Other important structures of the inner ear include the
utricle and saccule, which are components of the vestib-
ular apparatus. These otolith organs contain small crys-
talline calcium carbonate stones referred to as otoconia
that lie in suspension within a viscous fluid termed ‘‘en-
dolymph.” Linear acceleration of the head causes move-
ment of the stones, which puts pressure on the cilia of the
hair cells overlying the utricle and saccule, inducing
mechanotransmission of signals to the vestibular branch

of CN VIII. The utricle and saccule work in tandem
with the three semicircular canals—the components of
the vestibular system responsible for detecting angular
acceleration—to maintain the body’s sense of equilib-
rium (balance) through coordination of eye, head, and
body movements.

Direct neurodegeneration

from high-intensity signals

Recent animal studies have revealed that mild noise
exposure/injury can result in reversible threshold shifts
that are associated with auditory neurodegeneration. Hid-
den hearing loss may also occur and is characterized by
synaptopathy, followed by neural axonal loss and neuro-
nal degeneration in the setting of full recovery of co-
chlear thresholds."*'® The hidden hearing loss
paradigm has been demonstrated in mouse and guinea
pig models, which show dramatically diminished audi-
tory brainstem response (ABR) wave-I outputs in animals
subjected to noise-induced; these responses involved
temporary threshold shifts.'> Following intense noise
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exposure with reversible threshold shifts in the animal
model, there is an immediate and irreversible loss of ap-
proximately 50% of the afferent synapses of IHCs, de-
spite no loss of the IHCs themselves. Although the
hidden hearing loss paradigm has yet to be validated in
humans directly, a similar phenomenon may underlie tin-
nitus, hyperacusis, and other forms of anomalous audi-
tory signal processing. Recent translational and clinical
studies have also demonstrated measurable reductions
in cochlear nerve output in humans who have a history
of pathological noise exposure and chronic tinnitus.'”"'®

Further, experimentation in human subjects has sug-
gested that normal audiometric testing and the presence
of intact IHCs does not rule out the possibility that
noise-induced damage has occurred within the auditory
nervous system. However, in a study that investigated in-
dividuals suspected to be at high-risk for auditory dam-
age due to an extensive history of sustained noise
exposure, it was found that these high-risk subjects had
no difference in audiometric thresholds at standard fre-
quencies compared with low-risk individuals.'® Despite
this, after pre-synaptic summation potentials (SPs) and
action potentials (APs) of the cochlear nerve fibers
were measured via ABR wave-I outputs, it was found
that the SP/AP ratio was significantly higher within the
high-risk ear damage group, consistent with the presence
of cochlear nerve degeneration within these subjects.
This corroborates results from previous studies that
have displayed reduced auditory nerve output in patients
with histories of pathological noise exposure and clini-
cally diagnosed hearing disorders. Previous ABR wave-
I studies have also demonstrated reduced auditory
nerve output in tinnitus subjects relative to control sub-
jects; the tinnitus subjects reportedly displayed normal
audiometric threshold measurements despite the presence
of tinnitus.?® As these studies suggest, noise exposure and
injury may induce lasting pathological effects on the
human auditory system, despite the fact that audiometric
threshold testing is otherwise normal. Because this path-
ological picture is very unclear, it should be investigated
to a greater extent in populations that have been subjected
to potentially damaging noise exposures.

Blast trauma

Although it differs from auditory mTBI, the mechanism
of blast trauma injury mirrors that of mTBI and may
help elucidate information on mTBI pathogenesis.
Authors have reported that significant threshold shifts
on audiometry, in addition to the symptoms of tinnitus,
are associated with blast-induced TBI in military person-
nel.?! Additional investigations into ABR threshold
changes post-blast exposure in rats have found temporary
threshold shifts leading to dramatic ABR reduction indic-
ative of cochlear dysfunction resulting from singular

insults.?>>* These insults were found to have the largest
ABR threshold shift on post-insult day 1, with a gradual
return to baseline at post-insult day 14. By contrast, blast-
exposed veterans with clinically normal hearing have
been shown to have auditory problems.*

Further, structural deformities and extreme acoustic
trauma have been reported in a variety of animal models
exposed to blast trauma. For example, shock pulses trans-
mitted through the labyrinthine fluid in cats resulted in spi-
ral ganglion cell (SGC) and IHC loss in the middle cochlear
turns.?® Similar damage was noted by Cho and co-workers
from the effects of high-pressure waves on outer hair cells
(OHCs) at the basilar end of the cochlea in mice.?” Addi-
tionally, membrane leakage of OHCs secondary to nuclear
condensation, directly caused by mechanical damage, has
been observed in guinea pig models.?® Experiments have
also been conducted highlighting the effect of blast trauma
versus non-blast acoustic trauma in rats, finding that blast-
injured subjects presented with more significant and pro-
longed central and peripheral auditory deficits.”> These
findings elucidate potential mechanisms for trauma-
induced SNHL in humans. Although most of the literature
examines the effects of indirect trauma on the auditory sys-
tem, recent studies investigating the effects of head trauma
on cochlear function have yielded robust animal and
human findings. We provide an overview of these findings
in the sections that follow.

Effects of mTBI on the Auditory System
Demographics of auditory issues in mTBI

mTBI may contribute to hearing loss, tinnitus, and diffi-
culty with understanding speech in noisy environments
that is independent of hearing loss from high signal inten-
sity exposure or blast trauma exposure.30 mTBI com-
monly results from motor vehicle accidents, sport
injuries, work-related incidents, falls, and blast-related
head injury.'**'? A recent study observed a strong cor-
relation between auditory dysfunction and post-
concussion symptoms irrespective of cause.”> However,
the precise mechanisms by which mTBI affects the audi-
tory system are poorly understood. Damage to the central
and peripheral auditory pathways could occur through
overt physical trauma via shearing of CN VIII, endolym-
phatic duct disruption, or labyrinthine fluid shock pulses
that injure the sensory epithelium of the vestibuloco-
chlear apparatus.’ Permanent hearing loss may also result
from the rupture of the oval or round windows secondary
to trauma.>* Authors have estimated that approximately
34-50% of patients experiencing mTBI develop SNHL,
tinnitus, or vestibular symptoms of vertigo or postural
imbalance. =7 Patients may experience symptoms for
variable amounts of time with some reports describing
cases of persistent vertigo for 5 years and hearing loss
for 18 years post-injury.”'!-3¢-%
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Histomorphological changes

Histological changes following cochlear concussion may
include hair cell damage, organ of Corti degeneration,
basilar membrane shearing, and auditory nerve fiber avul-
sion, which would explain the absence of clinically de-
tectable damage to the organs of the inner ear on
imaging.’ Further, experiments measuring the effects of
intense noise exposure on cochlear rat tissue have
shown a significant correlation between these exposures
and ICH auditory nerve fiber counts. The differences in
the immunohistological intensity of synaptic ribbons
(LH1) between noise-exposed versus non-exposed rats
were quantified and demonstrated markedly decreased
counts in the exposed subjects.>® Overall, these observa-
tions were consistent with previous animal models and
suggest that blast-trauma-mediated auditory effects
evoke a noise-exposure-induced response that occurs pri-
marily at the neuronal level.*’

Additionally, in the previously mentioned studies re-
garding blast-trauma-induced injuries in the animal
model, experiments also revealed changes in auditory
function when direct head trauma was the source of
mTBI. In an experimental group of cats that had sustained
mild head injuries, a microscopic view of hematoxylin
and eosin (H&E) stained vestibular tissue displayed struc-
tural changes. Specifically, a 30% decrease in hair cells,
reduction in cochlear ganglion neurons, and deterioration
of the saccular wall were observed. A view of the basilar
membrane exhibited a decrease in ganglion -cells.
Depending on the severity of the concussion, the effects
on auditory cell structures varied from subtle alteration
of shape (e.g., short and wider hair cells, and smaller nu-
clei than normal) to complete disappearance of hair
cells.*"*? Interestingly, there was not always a direct cor-
relation between the severity of the induced blow, hear-
ing loss intensity, or severity of histological alterations.

Auditory brainstem responses

In humans who have previously sustained mTBI, such as
current and former military service members,* delayed la-
tencies for ABR waves I, III, and V have been observed
alongside reductions in peak amplitudes and latencies of
speech ABR. % However, Nolle and colleagues,46 Fausti
and associates,' and Vander Werff and Rieger** reported
no difference in ABR measurement of blast-induced or
physical mTBI subjects compared with normal patients.
Nonetheless, select mTBI individuals who suffered from
central auditory processing deficiencies demonstrated a
deviation (LH2) from normal ABR measurements, indica-
tive of central auditory processing deficits. This included
delayed ABR latencies and reduction in various peak am-
plitudes, particularly in speech-evoked ABR waves among
mTBI subjects.'>**4® Moreover, the sub-category of pa-
tients with mTBI with abnormal behavioral auditory re-
sults showed differences in speech ABR onset.**

An observed increase in peak latency in ABR may be
utilized to assess brainstem conduction time and could in-
dicate the presence of a brainstem lesion. In a high-level
fluid-percussion injury feline model, brainstem dysfunc-
tion was measured using brainstem auditory evoked re-
sponses (BAERs) in sub-groups based on the
magnitude of the neuropathological injury. Animals
with mild intraparenchymal and subarachnoid hemor-
rhages experienced augmented latencies for waves II,
III, and IV between 60 and 150 min post-injury, but
returned to baseline at 8 h. However, animal models of
chronic intraparenchymal and subarachnoid hemorrhages
exhibited poor recovery to baseline assessment,*’ indicat-
ing the severity of brain injury was associated with the se-
verity of auditory deficit. Additionally, at chronic levels
of injury, differences in BAERs were observed in a ro-
dent TBI-induced lateral fluid-percussion model with
wave suppression correlating with greater post-injury
hemorrhage, vascular disruption, cavitation, and neuro-
logical deficit.*** In another study, mice that received
a single impact directly to the cortex experienced abnor-
mal ABRs 2 weeks after injury with deficits lasting for up
to 14 weeks post-injury. These mice exhibited a signifi-
cant reduction in ABR amplitude of waves I and IV, cou-
pled with significantly increased latency responses
measured at 2, 6, and 14 weeks post-mTBI compared
with controls.’>>!" This pioneering study demonstrated
that mTBI can result in deficits in hearing and temporal
processing when tested at high frequencies.’*!

Late latency responses

In addition to an ABR, late latency responses (LLRs),
which represent the activity at higher levels of processing
within the auditory system, may be useful in assessing pa-
tients with mTBI. This primary auditory cortex response is
significantly inhibited in repeatedly concussed athletes.”
Consequently, future prospective studies of electrophysio-
logical measurements such as ABR and LLR can delineate
objective ranges for diagnosis and management of mTBI
to identify the nature and extent of auditory damage.*

Speech comprehension

Individuals with mTBI can also experience deficits in
speech comprehension. These patients are more likely
to present with speech-in-noise abnormalities than con-
trol patients matched for age and pure-tone threshold.>*>*
Lew and colleagues described the case of a 55-year-old
male with speech comprehension difficulties post-TBI
and found that behavioral audiometry and Weber/Rinne
tests did not provide an accurate assessment of function.
Instead, brainstem auditory-evoked potentials revealed
bilateral deafness, confirmed with a computed tomogra-
phy (CT) scan of the bilateral temporal lobes indicating
bilateral temporal transverse bone fractures.” However,
there is no consensus on an objective test to confidently
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identify auditory issues in mTBI despite the promise of
tests of frontal lobe function such as the Controlled
Oral Word Association Test and Paced Auditory Serial
Addition Task.>®

Fluid biomarkers

With the recent approval of glial fibrillary acidic protein
(GFAP) and ubiquitin carboxy-terminal hydrolase L1
(UCH-L1) plasma levels by the U.S. Food and Drug
Administration (FDA) for determining the need for
brain CT in patients with TBI, the field of biomarkers
in TBI is increasing in importance.”’ Although most bio-
markers focus on blood-based and cerebrospinal fluid
(CSF) identification tools, Kraus and colleagues used
the frequency following response (FFR) as a novel
marker for concussion.’® The FFR, also described in lit-
erature as the auditory brainstem response to complex
sounds, is generated by the auditory midbrain and reflects
the encoding efficiency of sound. Kraus and her research
team sought to understand whether processing of the fun-
damental frequency, a common acoustic cue measured by
the FFR, could be used to identify cases of concussion
among children. Notably, they found that children diag-
nosed with a concussion had unique neural signatures
with lesser representation of the fundamental frequency
and deemed this investigation a successful deployment
of a clinical model for concussion diagnosis with a
90% sensitivity and 95% specificity. The FFR presents
a unique paradigm for mTBI biomarker research due to
its relative objectivity and ability to concurrently track re-
covery, potentially holding immense clinical applications
in management planning.”® Kraus and colleagues noted
that future efforts may look to integrate an understanding
of behavioral consequences, such as disruptions to mem-
ory and attention, into clinical FFR applications. In this
way, the FFR serves as a practical, quantitative method
of indicating both the presence and severity of an mTBI.

Clinical presentations
Patients with mTBI exhibit clinically significant heteroge-
neity, with variable presentation and severity of symp-
toms related to auditory issues.’® Some patients may
immediately exhibit deterioration of hearing and vestibu-
lar function after head injury that may become either tran-
sient or permanent.9 Other symptoms, such as tinnitus,
may be delayed and increased in severity with repeated
mTBL*"® Hearing loss following head trauma can
occur in the absence of bony labyrinth injury and hearing
defects are most noticeable at higher frequencies.®'
Because the inner ear houses a small volume of fluid, er-
rant blood and debris can easily cause obstructive hydrops.
Head trauma can often lead to signs characteristic of
Méniere’s disease, with symptoms such as vertigo, tinnitus,
and hearing loss.®*®* Clinical studies have demonstrated

that damage to the endolymphatic duct can cause endolym-
phatic hydrops and emulate the pathogenesis of Méniere’s
disease.®* This traumatic Méniére’s syndrome often occurs
with delayed presentation and the symptom-free period
could last up to several years.” Additionally, vestibular
deficiencies are more common and pronounced than audi-
tory deficits in post-traumatic Méniere’s syndrome when
compared with typical Méniére’s disease.®*%*%

A traumatic fracture in the temporal bone can also lead
to a perilymph fistula (PLF), which is difficult to differen-
tiate from Méniere’s disease. PLFs are believed to result
from tears in the round window membrane or stapes foot-
plate attachment, causing spillage of perilymph fluid into
the middle ear. Trauma-induced PLF is more likely to
cause hearing-loss symptoms than vestibular symptoms
and often presents as a fistula of the round window rather
than the oval window.® The precipitating injury is either
explosive or implosive. In the former, head trauma
abruptly increases CSF pressure, increasing perilymph
pressure and rupturing the round or oval windows. In the
latter, direct external trauma to the ear causes tympanic
membrane implosion and medial displacement of the sta-
pes footplate, resulting in oval or round window rupture.®®
Although symptoms of PLFs typically begin between 24
and 70h following the injury, in some cases symptoms
may not manifest until long after the inciting event.’

Additionally, patients with mTBI may present with a
variety of central vestibular disorders ranging from ocu-
lomotor abnormalities to migraines. Following mild head
injury, oculomotor abnormalities may impact up to 90%
of patients.®” However, many of these oculomotor find-
ings resolve within 6 months.®®% In addition, migraine
disorders can present after mild head injury and can
often be complicated by post-concussive symptoms.
Another common consequence of mild head injury is ves-
tibular migraine, a diagnosis distinct from primary mi-
graine disorders. Although treated similarly, the former
typically entails episodes of dizziness described as a
rocking sensation. Shared symptoms, particularly head-
ache, do not always manifest in conjunction with vertigo.
Further, exacerbation of symptom frequency has been
reported in up to 30% of patients over a decade. The nu-
anced presentation in addition to the concerning progres-
sion necessitates careful consideration of symptoms
signaling vestibular migraine in patients with mTBL.%"-"°

The current state of imaging modalities

In the clinical setting, observation and diagnosis of post-
TBI auditory damage is aided by a variety of imaging
modalities including CT, magnetic resonance imaging
(MRI), and recently, optical coherence tomography
(OCT)."”" Multi-detector CT (MDCT) may identify injury
to crucial structures such as the petrous portion of the
temporal bone, otic capsule, ossicles, and vasculature
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by imaging multiple tissue slices simultaneously with
higher speed and resolution than standard CT. Injury to
these structures may lead to SNHL, conductive hearing
loss (CHL), vertigo, PLF, CSF leaks, facial nerve palsy,
and vascular injury.”' Dahyia and associates and Jani
and co-workers demonstrated that fractures that damaged
the otic capsule doubled the risk of facial paralysis, qua-
drupled the risk of CSF leak, and resulted in a seven times
increased risk for hearing loss.”>"? Recently, Yuh and
colleagues demonstrated CT pathology for mTBI carries
different prognostic implications at 1 year post-injury.’*
Further analysis should be conducted into neuro-imaging
to determine more clinical features that may be indicative
of auditory issues and recovery.

MRIs have utility for certain presentations of TBI.”?
MRIs can show lesions indicative of post-TBI hearing
loss, as hemorrhage in the inferior colliculus and the
pons correlate with deafness.”” Enhanced MRI can also
detect PLFs by demonstrating middle ear bleeding after
round window perforation. Contrast-enhanced MRI with
gadolinium allows identification of inflammation in the
basilar membrane commonly seen after PLF.” Similarly,
functional MRI (fMRI) changes include hypoactivation
of regions such as the bilateral posterior cingulate gyrus,
thalamus, striatum, midbrain nuclei, and cerebellum that
are associated with behavioral auditory deficits.”®"’
Repeat concussions are associated with alterations in the
verbal encoding system that may damage higher-order se-
mantic networks that have been demonstrated on fMRI.”®
Moreover, hypoactivation on fMRI of the auditory cortex
has been observed in patients with mTBI when they have
been observed performing a listening task.”®

Recent studies in biomedical optics have investigated
the utility of OCT in assessing cochlear damage. OCT
is a broadband laser traditionally used in ophthalmology
that analyzes interference fringes created by back-
scattering electromagnetic waves with high, near histo-
pathological resolution and low optical penetration
depth. These advantages allow imaging of subepithelial
structures. OCT may potentially provide a simple and
minimally invasive procedure to image internal micro-
structures of the cochlea and diagnose inner ear pathology
in the clinical setting.®* Imaging has helped clinicians bet-
ter understand the underlying mechanisms related to hear-
ing deficits, but more research is required to understand
the association between mTBI, specific hearing deficien-
cies, and specific imaging findings.

Why is it important for clinicians to be familiar

with auditory mTBI?

It is the authors’ hope that in the near future auditory
mTBI will be taught in didactic sessions throughout med-
ical school and residency because it is a comorbidity that
is ‘‘hidden,” unlikely to be reported, and not talked

about, despite the fact that it can have a tremendous im-
pact on patient quality of life. In reflecting on the impli-
cations that our lack of understanding about this disease
process might have, we can imagine the case of a patient
with concurrent psychiatric comorbidities and SNHL or
tinnitus due to auditory mTBI. If such an individual is a
veteran of the U.S. military, there is a chance that they
might have concurrent post-traumatic stress disorder
(PTSD), related psychiatric disorders, and auditory dys-
function. If auditory responses in mTBI remain incom-
pletely understood, clinicians will not likely be able to
make an accurate diagnosis. This could prove very frus-
trating to the military veteran with PTSD or the athlete
post hundreds of concussions, each of whom may be un-
likely to describe the hearing symptoms (or lack thereof)
they are experiencing. There is a reason that such great
care and detail is taken to preserving hearing in surger-
ies involving surgical resection and/or stereotactic
radioherapy—the ability to hear the people and the
world around us is both a right and a privilege that must
not be taken for granted.

Conclusions

A variety of auditory changes occur in response to mTBI,
which may include peripheral, central, and vestibular
components of the auditory system, with subsequent his-
tomorphological and functional sequelae. Patients with
mTBI present with significant clinical heterogeneity
and auditory deficits can be difficult to detect due to the
many potential types of injury. Hearing loss, tinnitus, or
hyperacusis can arise from central or peripheral vestibu-
lar and/or auditory deficiencies and do not always arise
immediately with injury. Although imaging is helpful,
patients frequently only receive brain CTs at the time
of injury, which are not as precise at picking up injury,
and over half of these patients do not see a health care
provider within 3 months of injury.®' There is a limited
understanding of the effects of mTBI on the auditory sys-
tem and further investigations are necessary to elucidate
the precise mechanisms involved in ‘‘auditory TBIL.”

Transparency, Rigor,

and Reproducibility Summary

The nature of the study as a literature review was not con-
ducive to pre-registration, or any ethical board approval.
There were no statistical methods utilized in the study.
This study’s rigor can be verified through examination
of the content in the references. The study is completely
reproducible through thorough knowledge and use of the
references.

Authors’ Contributions
Authors’ contributions are as follows. Mark Harris: con-
ceptualization, investigation, writing original draft,



TBI AND THE AUDITORY SYSTEM

1531

writing review and editing, project administration;
Andrew Nguyen: writing original draft, writing review
and editing; Nolan J. Brown: conceptualization, investiga-
tion, writing original draft, writing review and editing,
project administration; Bryce Picton: writing original
draft, writing review and editing; Julian Gendreau: writing
original draft, writing review and editing; Nicholas Bui:
writing review and editing; Ronald Sahyouni: writing
original draft, writing review and editing, project adminis-
tration; Harrison W. Lin: writing original draft, writing re-
view and editing, project administration, supervision.

Funding Information

This work was supported by grants from the University of
California, Irvine Interdisciplinary Innovation Initiative;
American Neurotology Society; National Center for
Research Resources; National Center for Advancing
Translational Sciences; and the National Institutes of
Health (UL1 TR001414), all to H.-W.L.

Author Disclosure Statement
No competing financial interests exist.

References

1. National Academies of Sciences, Engineering, and Medicine. Traumatic
Brain Injury: A Roadmap for Accelerating Progress. The National Aca-
demies Press: Washington, DC; 2022.

2. Taylor CA, Bell JM, Breiding MJ, et al. Traumatic brain injury-related
emergency department visits, hospitalizations, and deaths—United
States, 2007 and 2013. MMWR Surveill Summ 2017;66:1-16.

3. Nelson LD, Temkin NS, Dikmen, J, et al. 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 2019;76:1049-1059.

4. Singh T, Seidman, MD. Hearing Disorders Associated with Mild Traumatic
Brain Injury (mTBI). In: Neurosensory Disorders in Mild Traumatic Brain
Injury. Academic Press; 2019: pp. 149-163.

5. Shah A, Ayala M, Capra G, et al. Otologic assessment of blast and nonblast
injury in returning Middle East-deployed service members. Laryngo-
scope 2014;124:272-277; doi: 10.1002/lary.24169

6. Helfer TM, Jordan NN, Lee RB, et al. Noise-induced hearing injury and
comorbidities among postdeployment U.S. Army soldiers: April 2003-
June 2009. Am J Audiol 2011;20:33-41; doi: 10.1044/1059-0889(2011/
10-0033)

7. Yurgil KA, Clifford RE, Risbrough VB, et al. Prospective associations be-
tween traumatic brain injury and postdeployment tinnitus in active-
duty marines. J Head Trauma Rehabil 2016;31:30-39; doi: 10.1097/htr
.0000000000000117

8. Dougherty AL, MacGregor AJ, Han PP, et al. Blast-related ear injuries
among U.S. military personnel. J Rehabil Res Dev 2013;50:893-904; doi:
10.1682/JRRD.2012.02.0024

9. Fitzgerald DC. Head trauma: hearing loss and dizziness. J Trauma
1996;40:488-496; doi: 10.1097/00005373-199603000-00034

10. Munjal SK, Panda NK, Pathak A. Relationship between severity of trau-
matic brain injury (TBI) and extent of auditory dysfunction. Brain Inj
2010;24:525-532; doi: 10.3109/02699050903516872

11. Griffiths MV. The incidence of auditory and vestibular concussion fol-
lowing minor head injury. J Laryngol Otol 1979;93:253-265; doi: 10
.1017/50022215100086990

12. Fausti SA, Wilmington DJ, Gallun FJ, et al. Auditory and vestibular dys-
function associated with blast-related traumatic brain injury. J Rehabil
Res Dev 2009;46:797-810; doi: 10.1682/jrrd.2008.09.0118

13. Davies RA, Luxon LM. Dizziness following head injury: a neuro-otological
study. J Neurol 1995;242:222-230; doi: 10.1007/BF00919595

14. Lin HW, Furman AC, Kujawa SG, et al. Primary neural degeneration in the
Guinea pig cochlea after reversible noise-induced threshold shift.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

J Assoc Res Otolaryngol 2011;12: 605-616; doi: 10.1007/s10162-011-
0277-0

. Kujawa SG, Liberman MC. Adding insult to injury: cochlear nerve de-

generation after "temporary” noise-induced hearing loss. J Neurosci
2009;29:14077-14085; doi: 10.1523/JNEUROSCI.2845-09.2009

. Kujawa SG, Liberman MC. Synaptopathy in the noise-exposed and aging

cochlea: primary neural degeneration in acquired sensorineural hearing
loss. Hear Res 2015;330:191-199; doi: 10.1016/j.heares.2015.02.009

. Schaette R, McAlpine D. Tinnitus with a normal audiogram: physiological

evidence for hidden hearing loss and computational model. J Neurosci
2011;31:13452-13457; doi: 10.1523/JNEUROSCI.2156-11.2011

. Ritenour AE, Wickley A, Ritenour JS, et al. Tympanic membrane perfora-

tion and hearing loss from blast overpressure in Operation Enduring
Freedom and Operation Iragi Freedom wounded. J Trauma
2008;64:5174-5178; discussion S178; doi: 10.1097/TA
.0b013e318160773e

. Liberman MC, Epstein MJ, Cleveland SS, et al. Toward a differential di-

agnosis of hidden hearing loss in humans. PLoS One 2016;11:€0162726;
doi: 10.1371/journal.pone.0162726

Bramhall NF, Konrad-Martin D, McMillan GP. Tinnitus and auditory per-
ception after a history of noise exposure: relationship to auditory
brainstem response measures. Ear Hear 2018;39:881-894; doi: 10.1097/
AUD.0000000000000544

Karch SJ, Capo-Aponte JE, Mcllwain DS, et al. Hearing loss and tinnitus in
military personnel with deployment-related mild traumatic brain injury.
US Army Med Dep J 2016:52-63.

Luo H, Pace E, Zhang X, et al. Blast-induced tinnitus and spontaneous
firing changes in the rat dorsal cochlear nucleus. J Neurosci Res
2014;92:1466-1477; doi: 10.1002/jnr.23424

Mao JC, Pace E, Pierozynski P, et al. Blast-induced tinnitus and hearing
loss in rats: behavioral and imaging assays. J Neurotrauma
2012;29:430-444; doi: 10.1089/neu.2011.1934

Luo H, Pace E, Zhang X, et al. Blast-induced tinnitus and spontaneous
activity changes in the rat inferior colliculus. Neurosci Lett 2014;580:
47-51; doi: 10.1016/j.neulet.2014.07.04

Saunders GH, Frederick MT, Arnold M, et al. Auditory difficulties in blast-
exposed veterans with clinically normal hearing. J Rehabil Res Dev
2015;52:343-360; doi: 10.1682/JRRD.2014.11.0275

Perlman HB. Minimal shock pulse trauma to the cochlea; acute and
chronic. Laryngoscope 1948;58:466-502; doi: 10.1288/00005537-
194806000-00002

Cho SI, Gao SS, Xia A, et al. Mechanisms of hearing loss after blast injury to
the ear. PLoS One 2013;8:e67618; doi: 10.1371/journal.pone.0067618

Hu BH, Zheng GL. Membrane disruption: an early event of hair cell apo-
ptosis induced by exposure to intense noise. Brain Res 2008;1239:107-
118; doi: 10.1016/j.brainres.2008.08.043

Race N, Lai J, Shi R, et al. Differences in postinjury auditory system
pathophysiology after mild blast and nonblast acute acoustic trauma.

J Neurophysiol 2017;118:782-799; doi: 10.1152/jn.00710.2016

Chorney SR, Suryadevara AC, Nicholas BD. Audiovestibular symptoms as
predictors of prolonged sports-related concussion among NCAA ath-
letes. Laryngoscope 2017;127:2850-2853; doi: 10.1002/lary.26564
Champion HR, Holcomb JB, Young LA. Injuries from explosions: physics,
biophysics, pathology, and required research focus. J Trauma
2009;66:1468-1477; discussion 1477; doi: 10.1097/TA
.0b013e3181a27e7f

Wolf SJ, Bebarta VS, Bonnett CJ, et al. Blast injuries. Lancet 2009;374:405-
415; doi: 10.1016/S0140-6736(09)60257-9

Vander Werff KR, Rieger B. Auditory and cognitive behavioral perfor-
mance deficits and symptom reporting in postconcussion syndrome
following mild traumatic brain injury. J Speech Lang Hear Res 2019:1-
18; doi: 10.1044/2019_JSLHR-H-18-0281

Stapczynski JS, Tintinalli JE. Tintinalli's Emergency Medicine: A Compre-
hensive Study Guide (8th ed.). McGraw-Hill Education: New York; 2016.
Patel A, Groppo E. Management of temporal bone trauma. Craniomaxil-
lofac Trauma Reconstr 2010;3:105-113; doi: 10.1055/5-0030-1254383
Berman JM, Fredrickson JM. Vertigo after head injury—a five year follow-
up. J Otolaryngol 1978;7:237-245.

Kennedy TA, Avey GD, Gentry LR. Imaging of temporal bone trauma.
Neuroimaging Clin N Am 2014;24:467-486, viii; doi: 10.1016/j.nic.2014
.03.003

Feldmann H. Sudden hearing loss with delayed onset following head
trauma. Acta Otolaryngol 1987;103:379-383.

Hesse LL, Bakay W, Ong HC, et al. Non-monotonic relation between noise
exposure severity and neuronal hyperactivity in the auditory midbrain.
Front Neurol 2016;7:133; doi: 10.3389/fneur.2016.00133


http://dx.doi.org/10.1002/lary.24169
http://dx.doi.org/10.1044/1059-0889(2011/10-0033
http://dx.doi.org/10.1044/1059-0889(2011/10-0033
http://dx.doi.org/10.1097/htr.0000000000000117
http://dx.doi.org/10.1097/htr.0000000000000117
http://dx.doi.org/10.1682/JRRD.2012.02.0024
http://dx.doi.org/10.1097/00005373-199603000-00034
http://dx.doi.org/10.3109/02699050903516872
http://dx.doi.org/10.1017/s0022215100086990
http://dx.doi.org/10.1017/s0022215100086990
http://dx.doi.org/10.1682/jrrd.2008.09.0118
http://dx.doi.org/10.1007/BF00919595
http://dx.doi.org/10.1007/s10162-011-0277-0
http://dx.doi.org/10.1007/s10162-011-0277-0
http://dx.doi.org/10.1523/JNEUROSCI.2845-09.2009
http://dx.doi.org/10.1016/j.heares.2015.02.009
http://dx.doi.org/10.1523/JNEUROSCI.2156-11.2011
http://dx.doi.org/10.1097/TA.0b013e318160773e
http://dx.doi.org/10.1097/TA.0b013e318160773e
http://dx.doi.org/10.1371/journal.pone.0162726
http://dx.doi.org/10.1097/AUD.0000000000000544
http://dx.doi.org/10.1097/AUD.0000000000000544
http://dx.doi.org/10.1002/jnr.23424
http://dx.doi.org/10.1089/neu.2011.1934
http://dx.doi.org/10.1016/j.neulet.2014.07.04
http://dx.doi.org/10.1682/JRRD.2014.11.0275
http://dx.doi.org/10.1288/00005537-194806000-00002
http://dx.doi.org/10.1288/00005537-194806000-00002
http://dx.doi.org/10.1371/journal.pone.0067618
http://dx.doi.org/10.1016/j.brainres.2008.08.043
http://dx.doi.org/10.1152/jn.00710.2016
http://dx.doi.org/10.1002/lary.26564
http://dx.doi.org/10.1097/TA.0b013e3181a27e7f
http://dx.doi.org/10.1097/TA.0b013e3181a27e7f
http://dx.doi.org/10.1016/S0140-6736(09)60257-9
http://dx.doi.org/10.1044/2019_JSLHR-H-18-0281
http://dx.doi.org/10.1055/s-0030-1254383
http://dx.doi.org/10.1016/j.nic.2014.03.003
http://dx.doi.org/10.1016/j.nic.2014.03.003
http://dx.doi.org/10.3389/fneur.2016.00133

1532

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

HARRIS ET AL.

Wang Y, Urioste RT, Wei Y, et al. Blast-induced hearing impairment in rats
is associated with structural and molecular changes of the inner ear. Sci
Rep 2020;10:10652; doi: 10.1038/541598-020-67389-5

Schuknecht HF, Davison RC. Deafness and vertigo from head injury. AMA
Arch Otolaryngol 1956;63: 513-528; doi: 10.1001/archotol.1956
.03830110055006

Bartholomew RA, Lubner RJ, Knoll RM, et al. Labyrinthine concussion:
historic otopathologic antecedents of a challenging diagnosis. Lar-
yngoscope Investig Otolaryngol 2020;5:267-277; doi: 10.1002/1i02.360
Meehan A, Hebert D, Deru K, et al. Hidden hearing deficits in military
service members with persistent post concussive symptoms. Undersea
Hyperb Med 2019;46:251-260.

Vander Werff KR, Rieger B. Brainstem evoked potential indices of sub-
cortical auditory processing after mild traumatic brain injury. Ear Hear
2017;38:¢200-e214; doi: 10.1097/AUD.0000000000000411

Noseworthy JH, Miller J, Murray TJ, et al. Auditory brainstem responses in
postconcussion syndrome. Arch Neurol 1981;38: 275-278; doi: 10.1001/
archneur.1981.00510050041004

Nolle C, Todt |, Seidl RO, et al. Pathophysiological changes of the central
auditory pathway after blunt trauma of the head. J Neurotrauma
2004;21:251-258; doi: 10.1089/089771504322972040

Shima K, Marmarou A. Evaluation of brain-stem dysfunction following
severe fluid-percussion head injury to the cat. J Neurosurg
1991,74:270-277; doi: 10.3171/jns.1991.74.2.0270

McIntosh TK, Vink R, Noble L, et al. Traumatic brain injury in the rat:
characterization of a lateral fluid-percussion model. Neuroscience
1989;28:233-244; doi: 10.1016/0306-4522(89)90247-9

McIntosh TK, Noble L, Andrews B, et al. Traumatic brain injury in the rat:
characterization of a midline fluid-percussion model. Cent Nerv Syst
Trauma 1987;4:119-134; doi: 10.1089/cns.1987.4.119

Amanipour R, Cresoe S, Borlongan C, et al. Effects of mild traumatic brain
injury on auditory function in a mouse model. Conference: 32nd
Southern Biomedical Engineering Conference (SBEC), Shreveport, LA,
March 11-13, 2016, pp. 13-14.

Amanipour RM, Frisina RD, Cresoe SA, et al. Impact of mild traumatic brain
injury on auditory brain stem dysfunction in mouse model. Conf Proc
IEEE Eng Med Biol Soc 2016;2016:1854-1857; doi: 10.1109/EMBC.2016
7591081

De Beaumont L, Theoret H, Mongeon D, et al. Brain function decline
in healthy retired athletes who sustained their last sports concus-
sion in early adulthood. Brain 2009;132:695-708; doi: 10.1093/
brain/awn347

Hoover EC, Souza PE, Gallun FJ. Auditory and cognitive factors associated
with speech-in-noise complaints following mild traumatic brain injury.

J Am Acad Audiol 2017; 28: 325-339; doi: 10.3766/jaaa.16051
Thompson EC, Krizman J, White-Schwoch T, et al. Difficulty hearing in
noise: a sequela of concussion in children. Brain Inj 2018;32:763-769;
doi: 10.1080/02699052.2018.1447686

Lew HL, Lee EH, Miyoshi Y, et al. Brainstem auditory-evoked potentials as
an objective tool for evaluating hearing dysfunction in traumatic brain
injury. Am J Phys Med Rehabil 2004;83:210-215; doi: 10.1097/01.phm
.0000113402.85460.59

Brooks J, Fos LA, Greve KW, et al. Assessment of executive function in
patients with mild traumatic brain injury. J Trauma 1999;46:159-163;
doi: 10.1097/00005373-199901000-00027

Abbott. Abbott receives FDA 510(K) clearance for the first rapid handheld
blood test for concussions. Available from: https://abbott.mediaroom
.com/2021-01-11-Abbott-Receives-FDA-510-k-Clearance-for-the-First-
Rapid-Handheld-Blood-Test-for-Concussions [Last accessed July 1,
2023].

Kraus N, Thompson EC, Krizman J, et al. Auditory biological marker of
concussion in children. Sci Rep 2016;6:39009; doi: 10.1038/srep39009
Knoll RM, Herman SD, Lubner RJ, et al. Patient-reported auditory handi-
cap measures following mild traumatic brain injury. Laryngoscope
2020;130:761-767; doi: 10.1002/lary.28034

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Clifford RE, Baker D, Risbrough VB, et al. Impact of TBI, PTSD, and hearing
loss on tinnitus progression in a U.S. Marine cohort. Mil Med
2019;184:839-846; doi: 10.1093/milmed/usz016

Proctor B, Gurdjian ES, Webster JE. The ear in head trauma. Laryngoscope
1956;66:16-59; doi: 10.1288/00005537-195601000-00002

Paparella MM, Mancini F. Trauma and Meniere’s syndrome. Laryngoscope
1983;93:1004-1012; doi: 10.1288/00005537-198308000-00006

Nadol JB Jr., Weiss AD, Parker SW. Vertigo of delayed onset after sudden
deafness. Ann Otol Rhinol Laryngol 1975;84:841-846; doi: 10.1177/
000348947508400617

Nakashima T, Naganawa S, Sugiura M, et al. Visualization of endolym-
phatic hydrops in patients with Meniere’s disease. Laryngoscope
2007;117:415-420; doi: 10.1097/MLG.0b013e31802c300c

Ylikoski J, Palva T, Sanna M. Dizziness after head trauma: clinical and
morphologic findings. Am J Otol 1982;3:343-352.

Goodhill V. Sudden deafness and round window rupture. Laryngoscope
1971,81:1462-1474; doi:10.1288/00005537-197109000-00010

Gianoli GJ. Post-concussive dizziness: a review and clinical approach to
the patient. Front Neurol 2021; 12: 718318. 20220104; doi: 10.3389/
fneur.2021.718318.

Akin FW, Murnane OD, Hall CD, et al. Vestibular consequences of mild
traumatic brain injury and blast exposure: a review. Brain Inj
2017;31:1188-1194; doi: 10.1080/02699052.2017.1288928

Tuohimaa P. Vestibular disturbances after acute mild head injury. Acta
Otolaryngol Suppl 1978;359:3-67.

Hilton DB, Shermetaro C. Migraine-Associated Vertigo. In: StatPearls [In-
ternet]. StatPearls Publishing: Treasure Island, FL, 2022.

Zayas JO, Feliciano YZ, Hadley CR, et al. Temporal bone trauma and the
role of multidetector CT in the emergency department. Radiographics
2011;31:1741-1755; doi: 10.1148/rg.316115506

Dahiya R, Keller JD, Litofsky NS, et al. Temporal bone fractures: otic cap-
sule sparing versus otic capsule violating clinical and radiographic
considerations. J Trauma 1999;47:1079-1083; doi: 10.1097/00005373-
199912000-00014

Jani NN, Laureno R, Mark AS, et al. Deafness after bilateral midbrain
contusion: a correlation of magnetic resonance imaging with auditory
brain stem evoked responses. Neurosurgery 1991;29:106-108; discus-
sion 108-109.

Yuh EL, Jain S, Sun X, et al. Pathological computed tomography features
associated with adverse outcomes after mild traumatic brain injury: A
TRACK-TBI study with external validation in CENTER-TBI. JAMA Neurol
2021;78:1137-1148; doi: 10.1001/jamaneurol.2021.2120

Kim SK, Kim AR, Kim JY, et al. a long-term follow-up of pontine hemor-
rhage with hearing loss. Ann Rehabil Med 2015;39:634-639; doi: 10
.5535/arm.2015.39.4.634

Mayer AR, Mannell MV, Ling J, et al. Auditory orienting and inhibition of
return in mild traumatic brain injury: a FMRI study. Hum Brain Mapp
2009;30:4152-4166; doi: 10.1002/hbm.20836

Yang Z, Yeo RA, Pena A, et al. An FMRI study of auditory orienting and inhi-
bition of return in pediatric mild traumatic brain injury. J Neurotrauma
2012;29:2124-2136; doi: 10.1089/neu.2012.2395

Terry DP, Adams TE, Ferrara MS, et al. FMRI hypoactivation during verbal
learning and memory in former high school football players with
multiple concussions. Arch Clin Neuropsychol 2015;30:341-355; doi: 10
.1093/arclin/acv020

Santhanam P, Meehan A, Orrison WW, et al. Central auditory processing
disorders after mild traumatic brain injury. Undersea Hyperb Med
2019;46:261-269.

Sepehr A, Djalilian HR, Chang JE, et al. Optical coherence tomography of
the cochlea in the porcine model. Laryngoscope 2008;118:1449-1451;
doi: 10.1097/MLG.0b013e318173dd6¢

Seabury SA, Gaudette E, Goldman DP, et al. Assessment of follow-up care
after emergency department presentation for mild traumatic brain in-
jury and concussion: results from the TRACK-TBI study. JAMA Netw
Open 2018;1:¢180210; doi: 10.1001/jamanetworkopen.2018.0210


http://dx.doi.org/10.1038/s41598-020-67389-5
http://dx.doi.org/10.1001/archotol.1956.03830110055006
http://dx.doi.org/10.1001/archotol.1956.03830110055006
http://dx.doi.org/10.1002/lio2.360
http://dx.doi.org/10.1097/AUD.0000000000000411
http://dx.doi.org/10.1001/archneur.1981.00510050041004
http://dx.doi.org/10.1001/archneur.1981.00510050041004
http://dx.doi.org/10.1089/089771504322972040
http://dx.doi.org/10.3171/jns.1991.74.2.0270
http://dx.doi.org/10.1016/0306-4522(89)90247-9
http://dx.doi.org/10.1089/cns.1987.4.119
http://dx.doi.org/10.1109/EMBC.2016.7591081
http://dx.doi.org/10.1109/EMBC.2016.7591081
http://dx.doi.org/10.1093/brain/awn347
http://dx.doi.org/10.1093/brain/awn347
http://dx.doi.org/10.3766/jaaa.16051
http://dx.doi.org/10.1080/02699052.2018.1447686
http://dx.doi.org/10.1097/01.phm.0000113402.85460.59
http://dx.doi.org/10.1097/01.phm.0000113402.85460.59
http://dx.doi.org/10.1097/00005373-199901000-00027
https://abbott.mediaroom.com/2021-01-11-Abbott-Receives-FDA-510-k-Clearance-for-the-First-Rapid-Handheld-Blood-Test-for-Concussions
https://abbott.mediaroom.com/2021-01-11-Abbott-Receives-FDA-510-k-Clearance-for-the-First-Rapid-Handheld-Blood-Test-for-Concussions
https://abbott.mediaroom.com/2021-01-11-Abbott-Receives-FDA-510-k-Clearance-for-the-First-Rapid-Handheld-Blood-Test-for-Concussions
http://dx.doi.org/10.1038/srep39009
http://dx.doi.org/10.1002/lary.28034
http://dx.doi.org/10.1093/milmed/usz016
http://dx.doi.org/10.1288/00005537-195601000-00002
http://dx.doi.org/10.1288/00005537-198308000-00006
http://dx.doi.org/10.1177/000348947508400617
http://dx.doi.org/10.1177/000348947508400617
http://dx.doi.org/10.1097/MLG.0b013e31802c300c
http://dx.doi.org/10.1288/00005537-197109000-00010
http://dx.doi.org/10.3389/fneur.2021.718318
http://dx.doi.org/10.3389/fneur.2021.718318
http://dx.doi.org/10.1080/02699052.2017.1288928
http://dx.doi.org/10.1148/rg.316115506
http://dx.doi.org/10.1097/00005373-199912000-00014
http://dx.doi.org/10.1097/00005373-199912000-00014
http://dx.doi.org/10.1001/jamaneurol.2021.2120
http://dx.doi.org/10.5535/arm.2015.39.4.634
http://dx.doi.org/10.5535/arm.2015.39.4.634
http://dx.doi.org/10.1002/hbm.20836
http://dx.doi.org/10.1089/neu.2012.2395
http://dx.doi.org/10.1093/arclin/acv020
http://dx.doi.org/10.1093/arclin/acv020
http://dx.doi.org/10.1097/MLG.0b013e318173dd6c
http://dx.doi.org/10.1001/jamanetworkopen.2018.0210



