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Abstract

Objective: The term “labyrinthine concussion” has evolved to mean audiovestibular dys-

function in the absence of a temporal bone fracture (TBF). Despite a multitude of case

descriptions of labyrinthine concussion, the precise pathophysiology remains poorly

understood. Herein, we explore the historical otopathologic underpinnings of the diagno-

sis of labyrinthine concussion with a focus on the auditory pathway during the late 19th

to themid-20th centuries and concludewith a discussion of its contemporary relevance.

Methods and Data Sources: A review of primary and secondary medical sources

written in English, German, and French on otopathology labyrinthine concussion

studies from the late-19th to the mid-20th centuries.

Results: Around the turn of the 20th century, otopathologists identified histologic

changes in the temporal bones of individuals that sustained head injury without

TBFs. Based on these otopathologic findings in humans, early experiments investigat-

ing the pathophysiology of labyrinthine concussion were performed in animals

through either the delivery of blows to the head or direct introduction of a pressure

wave into the labyrinthine fluid. Collectively, otopathologists hypothesized that pre-

dominant mechanisms for labyrinthine concussion included inner ear hemorrhage,

cochleovestibular nerve traction injury, direct damage from a labyrinthine fluid pres-

sure wave, or vasomotor dysfunction.

Conclusion: Historical study shows a variety of inner ear pathologies potentially

responsible for auditory dysfunction following head injury. Understanding the history

and otopathology of labyrinthine concussion may help clinicians focus on new path-

ways toward novel research and improved patient care.
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1 | INTRODUCTION

“If we consider the anatomy of the labyrinth it can be understood that

such a delicate structure is easily subjected to an indirect injury while

it is well protected against a direct injury.”1

Auditory dysfunction, including hearing loss, tinnitus, and

hyperacusis, has long been recognized as a potential consequence of

head injury.2,3 In cases of temporal bone fractures (TBF), auditory

symptoms are commonly thought to be caused by direct

anatomic disruption of the middle ear and/or inner ear sensory neuro-

epithelium.4-6 In the absence of a TBF, it can be difficult to predict

whether a patient will sustain auditory pathology. The terms “labyrin-

thine concussion” and “inner ear concussion” have evolved to mean

auditory and/or vestibular dysfunction of the inner ear following head

trauma in the absence of TBF.7,8

Despite themultitude of descriptions of labyrinthine concussion,9-11

the precise understanding and pathophysiology of labyrinthine concus-

sion remain poorly understood.8 Descriptions of labyrinthine concussion

date back centuries.9-13 Various types of terminology have been created

to reflect the assumed pathophysiology of labyrinthine concussions.

Prominent terms include “labyrintherschütterung” (labyrinthine concus-

sion, or more literally, labyrinthine tremor, shock, or disruption),14-18

“commotio labyrinthi” (labyrinthine disturbance due to traumatic hemor-

rhage15,19-22 or a labyrinthine fluid pressure wave23), “otitis interna

vasomotoria” (labyrinthine injury caused by circulatory disturbances or

“vasomotory troubles”24), and “commotio cerebri” (cerebral distur-

bance).25 Many of these historic clinical studies, however, lacked rigor-

ousmethods of diagnosing TB fractures, such as high-resolution imaging,

andwere not able to provide pathologic correlation.

Herein, we aim to explore the historical otopathological underpin-

nings of the diagnosis of labyrinthine concussion. The article will spe-

cifically focus on the otopathological findings in humans and in animal

models of labyrinthine concussion from the late-19th to mid-20th

centuries and then conclude by relating these findings and associated

theories to the contemporary understanding of labyrinthine concus-

sion. Understanding historical otopathology of labyrinthine concus-

sion may help our current understanding of the diagnosis and shape

future research pathways.

2 | METHODOLOGY

A review of the literature was conducted to identify articles related to

the phenomenon of labyrinthine concussion. Articles were identified by

searching the MeSH terms “labyrinthine concussion,” “vestibular

concussion,” “inner ear concussion,” “traumatic hearing loss,” and asso-

ciated terms. A wide array of articles was identified, including basic and

clinical studies, case series, and reviews. The references of these arti-

cles were then reviewed to identify primary sources and literature not

captured by electronic search databases. In addition, historical book

chapters on otology and manuscripts in English, German, and French

were procured for additional review and analysis. Chapters and articles

were translated by native German and French speakers. Attempts were

made to identify original sources dating as far back as possible that

would be amenable for review. Finally, auditory neuroscientists and

experts in otopathology were contacted to ensure inclusion of the most

relevant papers, data, and interpretations.

3 | HISTORIC OTOPATHOLOGIC
MECHANISMS OF LABYRINTHINE
CONCUSSION

Otopathologists in the late-19th century and early-20th century pro-

posed several etiologies of labyrinthine concussion based on

otopathology studies. In 1871, Samuel Moos (Germany) provided an

early description of otopathology associated with this phenomenon—

that of a Prussian soldier who developed hearing loss after receiving a

glancing gunshot wound to his left mastoid.11 On postmortem investi-

gation, the soldier's otic capsule was intact but there was “hemorrhage

in the labyrinth [as] the consequence of concussion of the petrous bone

by gunshot.” Since this time, additional etiologies were described, and

the most commonly described mechanisms of labyrinthine concussion

included (a) labyrinthine hemorrhage, (b) cochleovestibular nerve trac-

tion injury, or (c) direct damage from a traumatic labyrinthine

fluid wave.

3.1 | Labyrinthine Hemorrhage

One of the most predominant mechanistic explanations for inner ear

concussion in the late-19th and early-20th centuries was inner ear

hemorrhage. Otto Barnick (Austria) in 1897 was among the first to

microscopically examine the temporal bone following head trauma.

Barnick examined four patients who died a week following head

trauma.10 The labyrinthine capsule was intact in two of these speci-

mens and the prominent finding was the presence of hemorrhage

within the labyrinth, including along the basal turn of the cochlea,

which he believed explained the high frequency hearing loss typical of

labyrinthine concussion.

Other early human otopathologic studies also identified the

occurrence of hemorrhage in the inner ear without fracture.26,27

Giuseppe Gradenigo (Italy) argued that minor blows to the head cau-

sed deafness by precipitating “commotion of the acoustic nerve” cau-

sed by extravasation of blood into the labyrinth.9 Gradenigo thought

the presence of hemorrhage in the labyrinth could explain the wors-

ening deficits over time which can follow exposure to an explosion.9

Adam Politzer (Hungary, Austria) assumed the importance of

intralabyrinthine hemorrhage for labyrinthine concussion.14 Adolf Pas-

sow (Germany) also argued that labyrinthine bleeding could cause

atrophy of the labyrinthine neuroepithelium and he used the phrase

“commotio labyrinthi,” defining it as traumatic hemorrhage into the

labyrinth.15

Additional proponents of labyrinthine hemorrhage, including Arthur

Cheatle (United Kingdom),28 William Milligan (United Kingdom),28 and

William Grove (United States),19,29 supported their stance by citing the
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presence of labyrinthine hemorrhage in otopathologic10,26,27 as well as

animal experiments.16,30 Although Grove thought nerve traction injury,

as described below, was occasionally responsible, he argued that symp-

toms of labyrinthine concussion were more often due to hemorrhage

into the inner ear, damaging nerves from the pressure it exerts or by

organizing and leading to atrophy of the finer nerve branches and degen-

eration of the neuroepithelium of both the cochlea and vestibule.19,29

The theory of labyrinthine hemorrhage also had its share of

detractors. Fifteen years following his own animal experiments which

demonstrated labyrinthine hemorrhage, Hans Brunner (Austria, United

States) in 1940 asserted that individuals attributed too much causal

importance to inner ear hemorrhage.18,24,29,31 He postulated that

head trauma caused circulatory disturbances in the ear, “otitis interna

vasomotoria,” which were responsible for the perivascular accumula-

tion of lymphocytes and transudate which he saw in his experiments.

Grove expanded on theories of brain concussion which postulated

that midbrain trauma causes traumatic paralysis of vasoconstrictor

nerves leading to impaired circulation in central vestibular areas.32,33

He hypothesized that those changes led to impaired circulation in the

labyrinth as well.29

Harold Schuknecht (United States) also did not believe that laby-

rinthine hemorrhage was the major etiology behind traumatic auditory

injury. Schuknecht observed in many studies that “the location for

blood had no correlation with the location of end-organ damage…and

that blood was found in the cochlea as long as four months after the

head blow without causing reaction within the labyrinth.”34,35

Schuknecht also thought that the etiology of delayed hearing loss was

due to “secondary degenerative changes in the cochlea” and was not

vasomotor in origin.34

3.2 | Cochleovestibular Nerve Traction Injury

Another popular explanation for traumatic auditory injury was traction-

related injury to the cochleovestibular nerve. In early studies, Politzer

interpreted the significant frequency of blood in the internal auditory

canal of human temporal bones after head trauma as suggestive that

the vestibulocochlear nerve may frequently be lacerated or its fibers

torn in the porus acousticus.36 Later, Konrad Ulrich (Switzerland) and

Walther Uffenorde (Germany), in their respective studies of human

otopathology after trauma, concluded that stretching or tearing of the

cochlear nerve was the most common and important histologic and

pathophysiologic feature.37-40 Ulrich and Uffenorde, along with

F.R. Nager (Switzerland) and Arnold Klingenberg (Switzerland), doubted

that direct damage to the labyrinth ever occurred following head injury

in the absence of accompanying fracture of the otic capsule and instead

concluded that nerve traction injury better accounted for auditory

deficits.37-42

Ulrich, referencing temporal bone studies, argued that if isolated

labyrinthine injury in the absence of fracture were to exist, “one

would find concussion of the inner ear on the healthy side more often

in cases of fractures of the temporal bone.”24 Ulrich posited that the

degree of nerve injury by stretching was inversely proportional to

nerve length, explaining why after skull base fractures the

cochleovestibular nerve is the most frequently injured nerve and the

vagus nerve the least injured.39 In a later rebuttal, Brunner stated that

nerve traction injury “hardly may occur when there is not any fracture

of the base of the skull,”24 and Grove referenced the many cases of

individuals in his study who had unilateral longitudinal TBFs with mar-

ked hearing loss in the contralateral ear.19

3.3 | Traveling Pressure Wave

The mechanistic theory of a traveling labyrinthine fluid pressure wave

causing direct inner ear damage became more popular as the inner ear

hemorrhage theory fell out of favor. Karl Wittmaack (Germany)

argued his experiments with rabbits, described in subsequent sections,

suggested that a pressure wave could directly injure hair cells,23 and

he along with Spira and Paul Stenger (Germany) argued a pressure

wave could cause a “loosening of neurons or reversible biochemical

change in nerve cell protoplasm.”34 Although Otto Voss (Germany)

did not believe the “pushing wave” generated by Wittmaack's experi-

ments was reflective of real life conditions, he did agree that a shock

pulse on neuroepithelial cells in the labyrinth could cause degenera-

tive changes.18

Schuknecht's experimentation using a feline head injury model, as

detailed in later sections, supported the ability of a pressure wave to

cause injury to the labyrinth and hearing deficits.43 By the mid-20th

century, however, the causal importance of the pressure wave became

increasingly relegated to the acute phase of injury, with theories of

vasomotor dysfunction,24,30 secondary degenerative changes,34,35 and

progressive inflammatory states44 being favored for explaining the

chronic deficits of labyrinthine concussion. The importance of a pro-

gressive inflammatory state was also alluded to by Politzer who stated

that the development of inflammatory tissue along the labyrinth may

cause ossification leading to deafness.36 Degenerative changes in the

organ of Corti were observed in the temporal bones of patients with

head injury without fracture.17,23,45 Labyrinthine scarring was also

seen, with Politzer finding connective tissue in the labyrinth as early as

the fifth week after “comparatively slight blows.”1 Other early

otopathologists also commented on connective tissue and bone in the

perilymphatic spaces of temporal bones from patients who suffered a

head injury without fracture.41,46,47

4 | HISTORIC ANIMAL OTOPATHOLOGY
STUDIES

Early animal experiments aimed to establish causality between the histo-

logic findings seen on human otopathology and the head traumas which

were hypothesized to cause them. Paul Stenger (Germany) generated an

early animal model of head injury in 1909 when he produced light blows

with a hammer on skulls of live rats, which produced hemorrhages

around the round window and basal turn of the cochlea.16 With heavier

blows, Stenger noted more severe bleeding at the round window,
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extension of the cochlear hemorrhage to the helicotrema, blood in the

ampullae, and petechial hemorrhages in the vestibular and cochlear

nerves near the porus (Figure 1). Some animals also had degeneration of

the organ of Corti and spiral ganglion, as well as intralabyrinthine connec-

tive tissue formation. As summarized by Fred Linthicum Sr. (United

States), Stenger broadly concluded that the direct effect of labyrinthine

concussion in the inner ear is 3-fold: (a) degenerative changes of the

nerve, ganglion cells, and nerve endings; (b) extravasation of blood; and

(c) acute elevations in pressure in the perilymph and endolymph content

of the labyrinth.48 Stenger's experimental design, pathological findings,

and conclusions were repeated and reproduced by Alfred Linck

(Germany) in 1921.49

Brunner conducted a similar experiment to Stenger and Linck using

guinea pigs in 1925.30 In postmortem analysis, Brunner observed peri-

vascular infiltrates in the region of the spiral vein, and hemorrhage in

the scala tympani and cochlear aqueduct (Figure 2). To account for

these findings, Brunner surmised that the force of head trauma is also

exerted against the inner walls of the skull, including the temporal bone,

thereby producing a wavelike motion of perilymph and endolymph by

exerting force upon the endolymphatic sac and the internal auditory

canal. He hypothesized that this force was eventually reflected to, and

predominantly experienced by, the round window thereby accounting

for the observed surrounding hemorrhages, as well as the bulging or

potential rupture of the round window membrane into the middle ear

at the time of injury. In addition to the acute damage to the internal ear

at the time of injury, Brunner suggested that the “vasomotory

troubles,” or alterations in tone and permeability, affected the labyrin-

thine artery resulting in the observed accumulation of lymphocytes and

transudate within the internal ear; and, thus explaining the delayed

hearing loss observed to occur over 2 years or more after the initial

insult.24 The vascular findings inspired him to alternatively refer to laby-

rinthine concussion as “otitis interna vasomotoria.”

In 1932, Wittmaack sought to investigate the causal role of a lab-

yrinthine fluid pressure wave in generating inner ear pathology.23

F IGURE 1 Stenger's drawings of the rat inner ear after head injury. Figures demonstrate accumulation of blood in the labyrinth (arrows) after
the delivery of blows to the skull with a hammer in Stenger's 1909 experiment. Modified and translated from German16

F IGURE 2 Otopathology from
Brunner's head injury experiments in
guinea pigs. Postmortem hematoxylin and
eosin (H&E) stained cochlea of guinea pigs
after blows to the skull with a hammer.
(Left) Low power magnification H&E
stained slide of several turns of the guinea
pig cochlea. Exudate (arrows) can be seen
in the scala vestibula (SV) of all turns.
(Right) Higher power magnification of mid
and apical portions of the guinea pig
cochlea. Fibrin clot in the helicotrema and
scala vestibuli (arrow). Tectorial
membrane (TM), cochlear duct (CD),
basement membrane (BM), organ of Corti
(*), cochlear neurons (triangle). Modified
and translated from German30
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Wittmaack employed a rabbit model and displaced the stapes into the

vestibule before connecting a water-filled cannula to create a fluid

pressure wave via the oval window (Figure 3). Findings included

destruction of the organ of Corti and the macula sacculi, with lesser

effect on the macula utriculi (Figure 4). The spiral ganglion cells lost

their Nissl granules, became vacuolated, and degenerated over the

course of 2 weeks. These investigations, however, were heavily scruti-

nized by Voss and Brunner for being “rough” experiments that did not

accurately model the forces generated in human head injury.18,24

Additionally, Brunner criticized Wittmaack for placing too much

emphasis on the fluid wave theory as the predominate source of dam-

age in labyrinthine concussion, citing the delayed hearing loss seen in

patients as an overwhelming source of invalidation.24

Nearly 30 years later, Schuknecht in 1951 returned to studying

traumatic hearing loss. Classic studies by Schuknecht in a feline head

injury model are the best evidence to date of potential etiologies of

labyrinthine concussion. Schuknecht behaviorally conditioned cats to

respond to sounds at various frequencies. He then subjected the cats

to head blows using an iron rod.43 Schuknecht found that most of the

head blows delivered over the temporal and parietal bones near

the experimental ear resulted in hearing loss. In contrast, blows to the

contralateral side of the skull failed to produce deafness in the studied

ear in several experiments. Schuknecht found a 15-40 dB recovery of

hearing acuity over the first 2 weeks postinjury (Figure 5). Hearing

losses were greatest for high frequencies, particularly for the range

from 3 to 8 KHz. Schuknecht posited that this loss in pure tones was

similar to noise and blast-induced hearing loss.

Temporal bone histopathological analysis demonstrated that

4 out of the 10 animals had skull fractures, one involving the temporal

bone (Figures 6 and 7). Otopathological findings on a cellular level

were also variable, ranging from slight anatomical degeneration of the

outer hair cells and supporting cells to extensive loss of hair cells to

complete degeneration of the organ of Corti. Blood in the scala tym-

pani and vestibuli was found in several of the cats, with no evidence

of local tissue reaction. Leukocytes were also identified only in a small

number of cats euthanized 2 days after injury. Additionally, only ani-

mals euthanized 3 weeks or longer after injury presented with nerve

degeneration, although changes were less severe than what was

found in the organ of Corti. Histological slides dating back to 1949

were recently rediscovered at the Massachusetts Eye and Ear Infir-

mary, and they likely served as the foundation for a series of classic

papers on the topic43,50,51 (Figures 8 and 9).

By evaluation of the otopathology of the cats sacrificed at varying

days after head injury, Schuknecht delineated successive stages of inner

ear damage: (a) loss of external hair cells; (b) loss of external and internal

hair cells; (c) flattening of the organ of Corti; and finally (d) complete disap-

pearance of the organ of Corti. Schuknecht remarked that these changes

F IGURE 3 Illustration of Wittmaack's experimental setup in
rabbits. The stapes were dislocated into the vestibule and a plunger
(kanüle) was used to produce a labyrinthine fluid wave. Translated
from German23

F IGURE 4 Otopathology from Wittmaack's experiment in rabbits. (Left) Low power H&E stained slide of the cat cochlea following head
injury. Reissner's membrane is missing in the lower turn and collapsed in the middle turn. There is missing Reissner's and tectorial membrane (*).
(Middle) Basilar membrane and a portion of the osseous spiral lamina are missing (*).The scala vestibuli (SV) contains blood (arrows). (Right) Low
power photomicrograph of cochlea 15 days after injury noting tissue and blood in the cochlea (arrows). There is also atrophy of the cochlear
neurons (not shown). Spiral vestibuli (SV), scala tympani (ST), internal auditory canal (IAC), cochlear neurons (triangle). Modified and translated
from German23
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were almost identical to previous otopathological studies from animal

and human subjects exposed to intense airborne sound stimuli.52-54

Schuknecht built on Brunner's initial theory regarding labyrinthine

fluid waves by theorizing that head injuries create pressure waves

transmitted through bone to the cochlea, which in turn produces a

“shock pulse” comparable to an airborne blast wave transmitted by a

conductive mechanism to the inner ear. This pressure pulse leads to

violent displacement of the basilar membrane, causing injury of the

organ of Corti. Schuknecht was also puzzled with high frequencies

being the most commonly involved in his experiment, in particular the

range from 3 to 8 KHz. He considered some possible explanations for

this finding, such as an inherent fragility in the upper region of the

basal turn, or physical properties of the impulse.

Finally, cats euthanized 2 days after trauma had less profound

otopathological changes than what would be expected given their

severe hearing loss on audiometric evaluation. Schuknecht con-

jectured that this may be caused by an insufficient time for auditory

threshold recovery, since he only observed recovery after 3 weeks in

his other cats. From these observations, Schuknecht concluded that

the severe audiometric changes were not reflected in histopathologi-

cal specimens. He theorized that additional cellular changes caused by

the injury were potentially too subtle to be detected by contemporary

histopathological preparation of his era.

5 | CONTEMPORARY RELEVANCE OF
LABYRINTHINE CONCUSSION

The contemporary definition of labyrinthine concussion has a storied

history based on human and animal otopathologic analysis. Although

F IGURE 5 Post head injury behavioral audiogram from Schuknecht's experiment in feline head injury model. (Left) A behavioral audiogram
and cytocochleogram from a cat which was sacrificed on the 22nd day after experimental head blows showing 2000 to 8000 Hz hearing loss,
which was pathologically correlated with loss of outer hair cells along the upper basal coil of the cochlea.7 (Right) Serial behavioral audiograms
from the same cat showing improvement in hearing thresholds during a 2-week period following head injury7

F IGURE 6 Otopathology from Schuknecht's experiment in
feline head injury model. (Top panel) A view through the upper basal

coil of the cochlea demonstrating degeneration (arrow) of the organ
of Corti. Basilar membrane (BM). Tectorial membrane (TM), limbus
(*). (Bottom panel) Blood in the scala tympani, absence of the
tectorial membrane, and loss of ganglion cells (*). Scala media (SM).
Reissner's membrane (RM)43
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F IGURE 7 Behavioral audiogram and
hair cell counts after head injury in a feline
model. Representative illustration
demonstrating both hair cell counts (left)
and behavioral audiogram (right). Cat
4 was sacrificed 19 days after injury and
had a 50 db hearing loss between 1500
and 16 000 Hz. On otopathologic
examination, most of the outer hair cells

were missing and many inner hair cells are
injured or missing as well43

F IGURE 8 Low- and high-power view of the cochlea following injury. A, Low-power view of the cochlea, showing blood in the scala tympani
of the basal and middle turns (arrowhead). B, High-power view of the Rosenthal's canal presenting reduced population of cochlear ganglion
neurons. C, High-power view of the middle turn of the cochlea, showing flattening of the organ of Corti, with complete degeneration of the outer
and inner hair cells. (Schuknecht et al. 1949, unpublished)

F IGURE 9 High-power view of the
cochlear upper basal turn.
Photomicrograph shows severe disruption
of the organ of Corti, with loss of inner
and outer hair cells. (Schuknecht et al.
1949, unpublished)
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many definitions incorporated the hypothesized pathophysiology of

labyrinthine concussion, those that followed and remain in use today

are largely agnostic on pathophysiology.8 The current definition

largely serves as a catchall phrase that incorporates all the theorized

etiologies.

Although there has been additional experimentation since the

mid-20th century,55-57 the diagnosis of labyrinthine concussion

remains “mysterious,” as described by Ulrich.37 The pathophysiol-

ogy of labyrinthine concussion may remain elusive for a host of

reasons: variable human and animal head injury models, rudimen-

tary hematoxylin and eosin staining techniques, and application of

outdated understanding of auditory physiology. Validated large and

small animal models of head injury, such as trauamtic brain injury,

are necessary to better understand the mechanisms of auditory

dysfunction.58

Our understanding of inner ear pathologies has grown and now

includes an enhanced understanding of several different pathologies,

including synaptopathies. For example, the degeneration of synaptic

connections has been demonstrated in numerous animal models and

in postmortem human samples and is correlated with noise-exposure

that leads to tinnitus, hyperacusis, and varying levels of hearing

loss. Interestingly, patients who have sustained mild head injuries

also appear to present with similar complaints of tinnitus and

hyperacusis. Although the concept of degeneration of synaptic con-

nections and resultant tinnitus and hyperacusis has been shown to

result from noise-induced hearing loss, patients following head injury

also appear to present with similar auditory complaints.59,60 Our

evolving understanding of cochlear synaptopathy may provide a new

paradigm to frame mild auditory dysfunction and experimental

protocols.61,62

Additionally, the term “labyrinthine concussion” seems predomi-

nantly used in the otolaryngology and audiology literature, other med-

ical specialties, such as neurology, neurosurgery, physical medicine,

and rehabilitation, have also identified this phenomenon,63-65 and

there may be central auditory pathway etiologies.66-68 Indeed, litera-

ture on TBI,69-72 sports-related concussion,59,60,73 as well as emerging

literature on chronic traumatic encephalopathy (CTE)74 highlight

potential auditory symptoms without fracture of the temporal bone.

CTE was initially known as Punch Drunk Syndrome75 and Dementia

Pugilistica.76 These diagnoses described a range of neurologic symp-

toms commonly seen in boxers, such as tremors, slowed movements

and speech, confusion, memory loss, and psychiatric issues.75,77,78

Auditory and vestibular symptoms have been associated with Punch

Drunk Syndrome, Dementia Pugilistica, and CTE, since the earliest

reports of these conditions by pathologists Martland and

Millspaugh.75,76 To date, however, discrete pathologic changes that

may occur to the auditory pathway in individuals with CTE are

unknown. There is no evidence of discourse among Martland,

Millspaugh, and otopathologists of their era. Additionally, recent stud-

ies have linked hearing loss to decreased executive functioning and

dementia.79,80 Further research is needed to characterize the interplay

between cognition and hearing loss.

Schuknecht thought that inner ear damage following head injury

resembled the one caused by intense noise and/or blast impulse

trauma. However, recent experimental studies of blast-induced

trauma in Chinchillas have demonstrated particular features of dam-

age, including complete separation of outer hair cells, Deiter cells, and

Hansen cells from the basal membrane,81 in addition to evidence of

cochlear synaptopathy with focal damage in the midcochlear and

basal regions of the cochlea,82 which differ somewhat from those

findings reported in labyrinthine concussion studies. Even though

blast injury and labyrinthine concussion may share some anatomical

indicators of injury, it still does not fully explain all the histopathologi-

cal changes.

Further, the high pressure wave caused by blast is mainly trans-

mitted to the cochlea via air conduction,83 a blow to the head can

potentially create a significant bone conducted pressure instead.

Recent studies on vibratory stimuli transmission to the inner ear

have shown a transcranial delay and attenuation when bone-

conducted sound crosses over the contralateral cochlea.84,85 This

same mechanism could potentially explain why blows to the contra-

lateral side of the skull failed to produce deafness in Schuknecht's

experiment, in which the bone conducted pressure may be attenu-

ated. Cases of contralateral sensorineural hearing loss following

head injury in the absence of TBF have been described.86-89 It is

thought to be secondary to contra-coup labyrinthine concussion, in

a very similar way that head injury can lead to cerebral concussion.

Therefore, it should be taken in consideration that differences in

mechanisms of injury could result in distinct patterns of inner ear

damage as well.

Although our historical study focuses on the auditory pathway,

we acknowledge vestibular dysfunction may also occur following head

injury. Balance complaints are among the most commonly reported

chronic symptoms following head trauma, with an incidence as high as

83%.90-92 Similar to the auditory system, many historical clinical stud-

ies and animal experiments have made attempts to better define this

topic,16,23,44,93-96 but the pathogenesis remains unclear with a wide

variation of clinical descriptions and histopathologic findings, including

degeneration of the cristae and maculae sensory epithelia, disruption

of otolithic membranes, loss of vestibular ganglion neurons, as well as

the presence of fibrous tissue and new bone in perilymphatic spaces.

Further studies on vestibular injury from head trauma are needed to

elucidate its pathophysiology.

6 | CONCLUSION

Over the past century a host of human and animal studies have

explored peripheral and central audiovestibular pathology after head

trauma. Although progress has been made to define abnormal

otopathologic findings in head trauma, we are far from a mature

understanding of how trauma results in audiovestibular symptoms.

Otopathological studies that further contextualize the historical theo-

ries behind labyrinthine concussion with more contemporary
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explanations for auditory symptomology, such as cochlear syn-

aptopathy, are needed. Additionally, clinical studies better characteriz-

ing the type, acuity, and severity of auditory injury following direct

head impact may provide valuable tools for the accurate diagnosis and

potential management of this patient population.
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