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Bacterial meningitis is the most common cause of
acquired postlingual profound sensorineural hearing
loss and labyrinthitis ossificans. This article reviews
the underlying mechanisms including bacterial etiology
responsible for bacterial meningitis-related hearing
loss, time course of hearing impairment, sites of his-
tological damage, routes of infection from meninges to
labyrinth, suppurative labyrinthitis and ossification,
pathophysiological processes, roles of cytokines, and
finally, roles of reactive oxygen species and reactive

nitrogen species.

Introduction: Bacterial etiology responsible for
bacterial meningitis-related hearing loss

Bacterial meningitis is the most common cause of acquired
sensorineural hearing loss (SNHL) and labyrinthitis ossifi-
cans by spreading infection to the labyrinth. It accounts for
approximately 60-90% of all acquired cases of postlingual
(late onset) SNHL cases [1,2]. In spite of the improved anti-
biotic therapy, bacterial meningitis results in significant
long-term neurological damages to the auditory system
[3-7]. During the prevaccination period, the three most
common organisms in the bacterial etiology responsible
for bacterial meningitis are Hemophilus influenza (64%), Strep-
tococcus pneumoniae (16%) and Neisseria meningitides (10%).
With the advent of the H. influenza vaccines, S. pneumoniae
has emerged as the major organism inducing bacterial
meningitis in developed countries [5], whereas H. influenza
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remains the leading cause in developing countries. S. pneu-
moniae has lead to the highest mortality rate and hearingloss
incidence [5-9].

Time course of hearing impairment

It has been generally believed that hearing loss occurs at the
early stage of bacterial meningitis and progresses rapidly with
the peak within 48 h after the onset of the disease [2,5,10]. In
an animal model of pneumococcal meningitis, rats start to
suffer from hearing loss approximately 12-15 h after inocu-
lation and become completely deaf by 24h (in 17 of 18
animals) [11]. Similarly, hearing loss in rabbits starts 12 h
after infection and progressively becomes complete deafness
within 36 h [8]. The animal studies suggest that bacterial
meningitis-induced hearing loss appears to be progressive
and related to the duration of untreated infection. Thus,
early diagnosis and rapid antibiotic treatment would be use-
ful for reducing the risk of hearing impairment. However, in
humans, a marked correlation between the duration of symp-
toms of bacterial meningitis before treatment and the devel-
opment of hearing deficits have not been confirmed
[5,9,12,13], even though early and appropriate therapy is
important to reduce the mortality of bacterial meningitis.
Most meningitis-associated SNHLs emerge in the acute stage
of meningitis and remain stable after recovery, but sponta-
neous regressions, fluctuations, or progressions in hearing
loss have been observed after recovery from meningitis
[14,15].
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Sites of histological damage

The sites of histological damage associated with meningitis-
related deafness have long been investigated. The cochlea,
auditory nerve, auditory brainstem and even auditory cortex
have been proposed [2,3,5,8,10,15-24]. Both studies in
humans and in animals have demonstrated that the cochlea
is the primary locus of meningogenic lesions, including
damages to hair cells, supporting cells, stria vascularis and
spiral ligament. It has been reported that otoacoustic emis-
sions (OAEs) are abolished in children with SNHL following
newly diagnosed bacterial meningitis, suggesting outer hair
cell damage [2]. A histopathologic study of human temporal
bone by Merchant and Gopen [20] has shown that in bone
from patients who died of acute bacterial meningitis, the
cochleae were affected. Bones with suppurative labyrinthitis
were found in 20 (41%) of the 41 bones. However, sensory
and neural elements of the auditory and vestibular systems
were intact in the 20 bones. Although biochemical alteration
of the inner ear lilieu and ultrastructural pathology in sensory
structures were not known, these findings definitely raise the
possibility of preventing or reversing the hearing loss by
appropriate therapeutic intervention. In addition, Merchant
and Gopen observed that severe loss of spiral ganglion cells
occurred in 12% of the 41 bones, suggesting that a subset of
patients with postbacterial meningitis deafness might per-
form poorly even after cochlear implantation. In rabbits and
guinea pigs with experimental meningogenic bacterial labyr-
inthitis, hearing loss is closely associated with damage to the
organ of Corti (involving the hair cells, supporting cells and
nerve terminals) and the stria vascularis [8,21,22,24].

In addition to the cochlea, a strong correlation between
long-term hearing impairment and spiral ganglion neuronal
loss has been reported [23]. Spiral ganglion cells, which are
the cell bodies of the auditory nerve fibers and lie close to the
hair cells, would also be susceptible to bacterial infection.
Bacteria enter either along the nerve from the cerebrospinal
fluid or from the fluid spaces of the inner ear. By contrast, hair
cells loss might also induce neuronal death of the spiral
ganglion due to inactivity [25,26]. Lesions of central neural
pathways with disturbed auditory processing following bac-
terial meningitis have also been suggested [10,15,19].

Routes of infection from meninges to labyrinth

The cochlear aqueduct, which links the subarachnoid space to
the basal turn of the tympanic scale, is generally proposed as
the most probable conduit of meningogenic labyrinthitis
[3,5,8-11,16,20-22]. This might explain why the concentra-
tion of bacteria and inflammatory cells is high and the ossifica-
tion more frequently occurs in the basal turn of scala tympani
[8,11,20,21], and high-frequency hearing loss associated to the
basal turn of the cochlea is more pronounced than low-fre-
quency hearing loss associated to the apex of the cochlea. The
short and patent cochlear aqueduct in children is more likely
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to be affected than the mature one in adults, suggesting a
potential explanation of the higher incidence of postmenin-
gitic hearing loss in children [27]. However, in humans when
the cochlear aqueduct is occluded by bone or loose connective
tissue, or even absent, bacteria can still spread along the
cochlear nerve and the modiolus by the perineural and peri-
vascular channels. Merchant and Gopen [20] reported that the
presence of labyrinthitis was uncorrelated with aqueduct
patency but highly associated with modiolar inflammation.
It would be important to know whether the modiolus in
children is more vulnerable to infection than those of adults.

Suppurative labyrinthitis and ossification
Histopathologic studies of temporal bone have suggested that
a probable cause of SNHL is serous or suppurative labyrinthi-
tis [20,28]. It has been traditionally assumed that suppurative
labyrinthitis results in irreversible SNHL, whereas serous
labyrinthitis results in reversible SNHL. However, Merchant
and Gopen [20] reported that the differences of so-called
serous and suppurative labyrinthitis were not so clear. Ossi-
fication in humans has been noted to occur within a year after
meningitis and is a major problem in survivors, because it
worsens the prognosis of cochlear implants [29,30].

Pathophysiological processes

The extension of meningeal infection and/or inflammation
from the subarachnoid space via the cochlear aqueduct and/
or internal auditory canal to the inner ear results in labyr-
inthitis and consequent end-organ lesions, therefore deafness
[3-5,8-11,15,19-23,28]. Foreign pathogens, such as wall
components of cytotoxic bacterial cells, stimulate the release
of cytokines, including tumor necrosis factor-a (TNF-a) and
interleukin-1 (TL-1), triggering vigorous inflammatory
responses and causing damage to the cochlea [31-34]. The
inflammatory byproducts, such as nitric oxide (NO), super-
oxide and peroxynitrite, might contribute to blood-labyrinth
barrier (BLB) disruptions and induce cytotoxic effects on hair
cells and spiral ganglion neurons [23,35,36]. Additional def-
icits include cochlear ischemia after septic emboli and throm-
botic occlusion of small vascula supplying the inner ear, and
neural damage after neuritis or hypoxia [14,16].

Roles of cytokines

Vigorous inflammatory responses occur as a result of trigger-
ing local immune defenses by components of the bacterial
cell wall. S. pneumoniae cell wall lipoteichoic acids have been
found to be potent activators for the bacterial meningitis
related morbidity and mortality [32]. The release of subcom-
ponents of the cell wall and subsequent activation of the
complement cascade result in an excessive degree of inflam-
mation. Activated monocytes, leukocytes, cerebrovascular
endothelial cells and astrocytes, in turn produce various
proinflammatory cytokines such as interleukin (IL)-1e,
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IL-18, IL-6, IL-8, platelet-activating factor and TNF-a. These
cytokines initiate an accelerating cascade of events, resulting
in alteration of the blood-brain barrier (BBB), polymorpho-
nuclear leukocyte and serum protein infiltration, meningeal
inflammation, increased intracranial pressure and decreased
cerebral vascular perfusion [31,32]. The spread of inflamma-
tion to the inner ear causes significant end-organ damage
because of the lack of regenerative capacity at this site. Numer-
ous anti-inflammatory agents have been found to be potential
to reduce the host inflammatory response to bacterial menin-
gitis. For example, steroids have the effect of reducing the
bacterial meningitis-associated hearing loss [37]. Barkdull et al.
[38] used cochlear microperfusion to facilitate removal of
inflammatory cells and their byproducts in perilymph during
the acute phase of inflammation between the onset of hair cell
dysfunction and cell death, and substantially diminished the
amount of cochlear damage and subsequent hearing loss.
Proinflammatory cytokines play a significant role in the
morbidity associated with bacterial meningitis, including
hearing loss and labyrinthitis ossificans [34]. Among them,
TNF-a has been regarded as one of the primary and upstream
mediators in the inflammatory response and a key factor
causing hearing loss. Aminpour et al. [33] reported that
blockade of TNF-a by TNF-a antibody resulted in a significant
reduction of postmeningitic hearing loss and cochlear injury
caused by S. pneumoniae meningitis, whereas exposure of
noninfected animals to intrathecal flow of TNF-a resulted
in hearing loss similar to that seen in bacterial meningitis.

Roles of reactive oxygen species and reactive nitrogen
species

There is a substantial body of evidence that oxidants, such as
reactive oxygen species (ROS) and reactive nitrogen species
(RNS), are crucial mediators of brain damage associated with
experimental bacterial meningitis [31,32]. Because of the
similarity of BBB and blood-labyrinth barrier, oxidants might
be involved in the disturbance of the BLB during meningo-
genic pneumococcal labyrinthitis. In a rat model of pneu-
mococcal meningitis used by Kastenbauer et al. [35],
suppurative labyrinthitis is accompanied by increased expres-
sion of endothelial nitric oxide synthase (eNOS) and induci-
ble nitric oxide synthase (iNOS), which produce nitric oxide,
causing oxidative cochlear damage and BLB disruption.
Although Klein et al. [23] investigated the role of antioxidants
and found that they attenuated the morphological correlates
of meningogenic hearing loss, including long-term BLB dis-
ruption, spiral ganglion neuronal loss and fibrous oblitera-
tion of the perilymphatic spaces. Similarly, Ge et al. [36]
investigated the role of oxygen free radicals in the pathogen-
esis of sensorineural hearing loss following bacterial menin-
gitis and found that after bacterial meningitis, intrathecal
injection of superoxide dismutase (SOD), an oxygen radical
scavenger, significantly reduced cochlear fibrosis and neo-
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ossification, the spiral ganglion cell loss, damage to the
cochlea and consequently hearing loss.

The powerful ototoxic effect of the oxidants might be based
on several potential mechanisms. First, RNS or ROS contributes
to the breakdown of the BLB during the acute stage of bacterial
meningitis. The integrity of the BLB is essential for maintain-
ing the endocochlear potential which is crucial for the appro-
priate operation of the hair cells [39]. In addition, the influx of
neurotoxic excitatory amino acids from the blood causes spiral
ganglion neuronal damage during meningitis [31,32]. The
leakage of plasma proteins into the cochlea might also accel-
erate the fibrous obliteration of the perilymphatic spaces
which has been proved to correlate with long-term hearing
loss. Moreover, the strong oxidant peroxynitrite results in
direct cytotoxic effects on hair cells and spiral ganglion neu-
rons. The unregenerative nature of these neurosensory struc-
tures leads to permanent hearing impairment and poor
prognosis of cochlear implantation as the effectivity of elec-
trodes depends on the number of residual spiral ganglion cells.

Conclusions

Hearing loss during bacterial meningitis emerges as early as
48 h after infection, and appears to be uncorrelated with the
duration of symptoms before treatment. The major site of
injury is the cochlea (including hair cells, supporting cells,
stria vascularis and spiral ligament), and the spiral ganglion
neurons are often involved. It has been well documented that
deafness results from spread of infection from meninges to
the labyrinth, and the cochlear aqueduct is the primary
conduit of the infection extension, causing more pro-
nounced injury in the basal turn of scala tympani and more
serious hearing loss in high frequencies. In humans, the
cochlear nerve in the modiolus is the secondary pathway
for the spread of infection. Suppurative labyrinthitis accounts
for end-organ damages in the inner ear, and labyrinthitis
ossification leads to permanent deafness in a subset of
patients. Vigorous inflammatory responses are triggered
within the inner ear, and cytokines, such as TNF-«, play an
important role in meningogenic hearing loss. Oxidants con-
tribute to disruption of BLB and produce cytotoxic effects on
hair cells and the spiral ganglion cells directly. Understand-
ing the mechanisms underlying bacterial meningitis-asso-
ciated deafness is useful for designing more effective
adjunctive therapies, such as the modulation of cytokines
and antioxidant, and guiding cochlear implantation in
patients suffering from irreversible profound hearing loss.
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