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Chapter 28

Auditory neuropathy

ARNOLD STARR1* AND GARY RANCE2

1Departments of Neurology and Neurobiology, University of California, Irvine, CA, USA
2School of Audiology, University of Melbourne, Melbourne, Australia

INTRODUCTION

Objective measures of hearing thresholds using auditory
brainstem responses (ABRs) were championed by
Galambos and his associates four decades ago (Hecox
and Galambos, 1974; Galambos and Despland, 1980)
and are now used routinely to provide objective mea-
sures of auditory nerve and brainstem responses in neo-
nates and adults (Norton et al., 2000).

While the tests were of great benefit for objectively
defining “deafness,” there were exceptions that tested
this assumption. Some subjects with “hearing problems”
had relatively normal audiometric thresholds but absent
or severely abnormal ABRs (Kaga and Tanaka, 1980;
Worthington and Peters, 1980; Hildesheimer et al.,
1985; Satya-Murti et al., 1983; Kraus et al., 1984). We
identified that their deafness was due to abnormal
auditory nerve function in the presence of normal-
functioning cochlear sensory hair cells. Figure 28.1
displays measures (audiogram, distortion product otoa-
coustic emissions (OAEs), ABRs to clicks and to tones,
and auditory cortical potentials) from an individual with
auditory neuropathy (AN) and a normal-hearing control
(normal).

The AN subject in Figure 28.1 had a mild loss of audi-
bility, impaired speech perception out of proportion to
the audibility changes, ABRs with absent waves I–III,
and barely detectable waveV that was delayed in latency.
In contrast, the cochlear hair cell measures (DPOAEs)
and cochlear microphonics (CMs) were normal. Cortical
N100 potentials were present and delayed in latency
(Starr et al, 1991, 1996). The pattern of these results
was consistent with a hearing disorder (Starr et al.,
1991) due to abnormal auditory nerve functions. Some
of the subjects were found to also have cranial nerve
(vestibular, optic nerve) and/or peripheral neuropathies,

supporting the idea that the auditory nerve was also
affected by neuropathic disorders. The term “auditory
neuropathy” was used to describe the group of patients
we studied (Starr et al., 1996). We also recognized that
inner hair cell disorders affecting ribbon synapse func-
tion would display similar clinical features.

The hearing disorder of AN affected processing of
acoustic temporal cues that are essential for: (1) speech
comprehension; (2) localization of sounds; and (3) sepa-
rating signals from background noise (Starr et al., 1991;
Zeng et al., 2005).

Examination of temporal bones from subjects dying
withAN showed inner and outer hair cells to be normal in
number and appearance, whereas auditory ganglion cells
and nerve fibers were both reduced in number and
demyelinated (Starr et al., 2003). Loss of auditory nerve
fibers would attenuate neural input while demyelination
would affect the synchrony of neural conduction. We
consider that both the loss of auditory nerve fibers
and altered neural transmission contribute to the abnor-
malities of both ABRs and hearing.

Abnorml ABRs and normal hair cell measures were
identified in neonates with otoferlin (OTOF) mutations
that affected glutamate neurotransmitter release from
inner hair cell ribbon synapses. The locus of the auditory
nerve disorder in this mutation was presynaptic and has
been shown to affect ribbon synaptic function (Varga
et al., 2006; Rodrı́guez-Ballesteros et al., 2008).

We anticipate that patients with abnormal ABRs and
normal cochlear hair measures will also be identified in
disorders of neurotransmitter reuptake and auditory
dendritic receptor.

We have been asked to comment on other terminolo-
gies used for individuals with abnormal ABRs and pre-
served cochlear hair cell activities. The most common
ones are “auditory neuropathy spectrum disorder” and
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“auditory neuropathy/auditory dyssynchrony.” The term
“spectrum disorder” is used when there is both a paucity
of objective measures and knowledge of their etiology.
Spectrum disorder is inappropriate for AN since we

do use objective measures (e.g., ABRs) that can localize
the sites of auditory nerve dysfunction as affecting audi-
tory nerve and inner hair cell ribbon synapses (Moser
et al., 2013). Most importantly, there are many specific
etiologies that have been identified as causing AN
(Starr et al., 2001; Santarelli, 2010). We suggest that
the term postsynaptic AN be used when there is loss
and/or demyelination of auditory nerves. When inner
hair cells are affected the term presynaptic AN is
appropriate.

The term “auditory neuropathy/auditory
dyssynchrony” is used to indicate that there is reduction
of neural synchrony of auditory nerve fibers in patients
with AN. The concept is attractive but as yet there is no
quantitative measure of the degrees of dyssynchrony.
We suggest that ABRs may be able to provide such mea-
sures of changes of neural synchrony. For instance, in
patients with postsynaptic AN theABR to the initial click
could be normal but was then delayed and lost to subse-
quent clicks in the train (e.g., conduction slowing:Wynne
et al., 2013). Dyssynchrony in this instance had a time
course of expression. Moreover, both a reduction in sig-
nal intensity and a decrease in signal-to-noise ratio in
normal-hearing subjects can result in both ABR and psy-
choacoustic measures that are similar to AN. We now
depend on psychoacoustic methods in trained observers
to quantify the effects of dyssynchrony of auditory per-
ceptions. Objective measures of both brainstem and cor-
tical potentials may prove a way of quantifying the
magnitude change in central auditory processing in nor-
mal hearing and in auditory neuropathies (Kraus et al.,
2000; Michalewski et al., 2005).

We will review below diagnostic features of AN,
including audiologic and psychoacoustics, etiologies
(e.g., developmental, genetic, metabolic, degenerative,
iatrogenic), their associated pathologies, and the effects
of specific therapies.

DIAGNOSIS

The diagnosis of AN relies on electrophysiologic tests
with ancillary support from neuroimaging and audio-
logic assessment.

Electrophysiologic procedures

ABRs in AN are absent or attenuated in amplitude as
well as delayed in latency (Table 28.1) (Starr et al.,
1996). The conduction velocity of the auditory nerve
can be measured only when both waves I and II are pre-
sent (Butinar et al., 2008). Some of the details of per-
forming these measures are detailed below.

Cochlear hair cell microphonics are typically pre-
served and can be defined by separately averaging ABRs
to condensation and to rarefaction stimuli. Subtracting

Fig. 28.1. Measures of auditory function in a normal control

and a subject with auditory neuropathy. DPOAEs, cochlear hair

cell measures; ABRs, auditory brainstem responses; AEPs,

auditory evoked potentials; CM, cochlear microphonics.
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the ABR condensation from rarefaction clicks attenu-
ates the neural components, revealing CM that are of
opposite polarity to condensation and rarefaction stim-
uli. Addition of the ABRs to condensation and rarefac-
tion stimuli will cancel CMs and enhance neural
components (Starr et al., 1991; Berlin et al., 1998).

Both inner hair cell summating potentials and the
compound action potential (CAP) of auditory nerve
(wave I of the ABR) can be most clearly identified using
electrocochleography (Santarelli and Arslan, 2002). The
method helps to localize the sites of auditory nerve dys-
function as involving inner hair cells and/or auditory
nerve (Santarelli, 2010). This information can assist the
clinician in assessing the likely benefits of cochlear
implants. Typically, if the dysfunction is limited to the
inner hair cells, cochlear implants will be very beneficial.
The technique requires general anesthesia for infants
and children but can be done under local anesthesia in
adults.

AUDITORY CORTICAL POTENTIALS

A cortical potential can be recorded to the onset of
acoustic signals at a peak latency of approximately
100 ms. The potential is of positive polarity in children
and changes to a negative polarity by around 8 years
of age. The N100/P100 is present in AN even when ABRs
are absent. Rance and colleagues (2002) showed that
50% of school-aged children with AN were without an
N100 or P100 and its absence was highly correlated with
impaired speech perceptual abilities. The presence of a
preserved N100 of normal latency provided an objective
measure of neural synchrony at the cortical level
(Fig. 28.2).

In adults, the latency of N100 to brief tones is also
sensitive to the onset of temporal features of the stimu-
lus. N100 latency is prolonged as stimulus onset is

slowed (Onishi andDavis, 1968) but is relatively indepen-
dent of stimulus intensity. InAN subjects, N100 latencies
to brief tone bursts, while present, are abnormally
delayed in latency (approximately 40 ms) and the magni-
tude of the delay is independent of audibility changes
(Michalewski et al., 2009). Corticalmeasures can be used
to quantify temporal processing deficits of auditory
nerve and/or inner hair cell ribbon synapses (Wynne
et al., 2013).

Currently it is difficult to distinguish between disor-
ders of auditory dendrites (noise trauma), auditory
axons accompanying neurologic disorders (both a form
of deafferentation), altered neural conduction, and rib-
bon synaptic abnormalities. All these conditions affect
auditory nerve and brainstem activity, reflected by
ABR. We anticipate that further studies of changes of
ABR latency and amplitude of ABR components will
help to distinguish among etiologies. For instance, AN
accompanying degenerative etiology such as Charcot–
Marie–Tooth (CMT) will show progressive latency
delays and reduction in amplitudes of ABR components
(Starr et al., 2003). These measures also may be used to
quantify the course of the disorder and provide objective
measures of therapies in clinical trials (Rance
et al., 2010).

ABR abnormalities (Fig. 28.3) can be helpful in
localizing the site of auditory nerve abnormality. Wave
I, generated by distal portions of auditory nerve, is typ-
ically preserved in proximal disorders of the auditory
nerve (e.g., acoustic neuromas) but absent in both pre-
synaptic (OTOF-related ribbon synaptic disorders) and

Table 28.1

Objective electrophysiologic findings in auditory

neuropathy

Test Results

ABRs Absent or abnormal
Acoustic evoked middle-ear

muscle reflexes

Typically absent

Cochlear microphonics Normal
Otoacoustic emissions Normal
Electrocochleography CAP broad and low

amplitude
Neurophonics Absent

ABRs, auditory brainstem responses; CAP, compound action

potential.
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Fig. 28.2. Grand mean cortical event-related potential wave-

forms in response to tones (left panel) and to speech (right

panel) for children with normal hearing (top traces), sensori-

neural (SN) hearing loss (440 Hz: n¼17; /dæd/: n¼15, mid-

dle traces), and auditory neuropathy (AN) (n¼11, bottom

traces). Daed is the phonetic representation of the word

“dad.” (Reproduced from Rance, 2005, with permission.)
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neuropathic disorders of auditory nerve. Conduction
times between waves I and II (the latter generated by
proximal auditory nerve; Martin et al., 1995) can reveal
abnormal slowing of auditory nerve conduction (Butinar
et al., 2008). Prolongation of latency difference between
waves I and V (>4.5 ms) reflects slowed conduction
between auditory nerve and lateral lemnisci.

The relative amplitude of wave V to wave I is nor-
mally>1. When this ratio is less than 0.5, the site of audi-
tory nerve disorder is proximal rather than distal (Starr
and Achor, 1975; Rance et al., 2010). Cochlear hair cell
activities are normal. These include microphonics
(CMs), reflecting outer and inner hair cell intracellular
potential changes; OAEs, reflecting contractions of
outer hair cells, are present in newborns with AN
(Table 28.1). They become absent in approximately
30% of these infants by 2 years of age (Rance et al.,
1999). CMs are preserved in those subjects that have lost
OAEs (Starr et al., 1998). Thus, for diagnosing AN, the
CMs are a reliable measure of preserved hair cell activ-
ities (Starr et al., 1991).

Neurophonics or frequency-following responses are
field potentials of auditory brainstem structures to
low-frequency tones (<500 Hz) that can be recorded
using the same ABR recordingmethods (Fig. 28.3). Their
onset occurs approximately 3–5 ms after the onset of
CM (Fig. 28.1) and is consistent with brainstem genera-
tion. Neurophonics have not been recorded routinely in
AN but, in the limited number of subjects tested, neuro-
phonics are absent. An example of one such recording to
consonant-vowels by Nina Kraus in a 10-year-old with
AN is shown in Figure 28.4. In this subject, neurophonics
were absent. The measurement of neurophonics pro-
vides an objective measure of low-frequency temporal
processing.

Electrocochleography is a method allowing near-field
recording of cochlear and nerve potentials using a needle
electrode that is passed through the tympanic membrane
to rest on the bony cochlea (Eggermont and Odenthal,
1974). The recordings reveal high-amplitude inner hair
cell summating receptor potentials, CAPs of auditory
nerve, and CMs. The procedure requires local anesthesia
in adults and general anesthesia in children and provides

Fig. 28.3. Auditory brainstem response waveforms obtained

for children with Charcot–Marie–Tooth (CMT) disease. The

top tracing shows the combined waveform for a normal control

group. The second is the averagedwaveform for children show-

ing slow conduction between waves I (auditory nerve) and III

(cochlear nucleus) consistent with demyelination of auditory

nerve (CMT1). The third is the averaged waveform for children

with CMT2, showing axonal loss and reflected by normal con-

duction times betweenwaves I and III andV, but reduced ampli-

tude of wave V. The bottom tracing is for a single child who

showed no repeatable components I, II, and V to stimuli at max-

imum presentation levels (90 dB nHL) but whose audibilitywas

impaired. The asterisks in this case are cochlear microphonics.

(Reproduced from Rance et al., 2012a.)

Fig. 28.4. This figure contains auditory brainstem responses (ABRs) to repeated presentations of /da/. The upper trace (blue) is

from a normal hearing subject showing averaged potentials over 180 ms. containing repetitive positive potentials occurring at

approximately 100 cycles/s. These repetitive potentials are also called “frequency following responses” or (FFRs) and reflect

a temporal neural encoding of speech components. The brainstem potentials from an 8 year old subject with auditory neuropathy

are in red and do not appear to contain frequency following responses and the child had marked difficulty identifying differences

between speech sounds but could hear the speech clearly. We thank Nina Kraus PhD for providing this figure.
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objective measures of both inner hair cell summating
potentials and auditory neural responses. ABRs do not
usually include a summating potential. Figure 28.5 shows
electrocochleography from 8 normal and 8 AN subjects.
All controls had two distinct negative deflections: the
first, an increasingly negative summating potential
with onset latency approximately 0.3 ms after CM.
The summating potential is interrupted by a second
negative/positive potential of high amplitude and short
duration, returning to baseline approximately 3 ms after
onset of the summating potential.

In contrast to the controls, AN subjects had either
absent CAP or a low-amplitude CAP (identified in only
2 AN subjects, #3, 4, circled in Fig. 28.5), whereas a sum-
mating potential was present in all. All AN subjects
showed a prolonged negative potential of large ampli-
tude, even when the CAP was absent. The generators
for the abnormally prolonged negative potentials in
AN may reflect dyssynchronous generation of summat-
ing potential and/or dyssynchronous discharges of nerve
fibers.

Usually the onset of the CAP at high intensity is sim-
ilar in both normal and AN subjects, whereas the CAP is
broad and of low amplitude in AN subjects.

Neuroimaging

Magnetic resonance imaging (MRI) of the brainstem
and auditory nerve can assist in localizing the
site(s) of auditory nerve involvement. Congenital atro-
phy of auditory nerve occurs in neonates and children
with normal cochlear hair cell measures (Buchman
et al., 2006). The degree of atrophy may be a factor
affecting the outcome of a cochlear implant. MRI and
computed tomography scans are now the methods of
choice for detecting structural abnormalities of auditory
nerve causing AN, such as acoustic neuromas and brain-
stem tumors (see Chapter 29).

Audiology and psychoacoustics

AUDIOLOGIC MEASURES

Diagnostic features of AN include: (1) impaired speech
perception out of proportion to audibility changes; (2)
impaired ability to detect rapid changes in intensity;
(3) inability to utilize interaural differences of temporal
cues; and (4) abnormal ability to process acoustic signals
in the presence of noise masking (Starr et al., 1991, 1996;

Fig. 28.5. Electrocochleography in normal-hearing (left column) and auditory neuropathy (AN) subjects (right column). Summat-

ing potential (SP) and compound action potential (CAP) in response to high-intensity clicks (110 dB) recorded from 8 controls

(left) andAN subjects (right). The separation of theCAP from the SP is clear in controls, while aCAP can only be identified in 2AN

subjects (#3, #4; circled). In the remaining AN ears the SP continues and a boundary between CAP and SP cannot be identified.

Arrows at the bottom indicate CM onset. (Reproduced from Santarelli et al., 2008.)
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Rance et al., 1999; Zeng et al., 2005). Details of hearing
abnormalities are described in the section on new
directions, below.

ETIOLOGY

The etiologies of AN phenotype are multiple (see Starr
et al., 1998, for review). These include developmental
disorders (e.g., hypoplasia of auditory nerve: Buchman
et al., 2006), toxic-metabolic disorders (e.g., hyperbiliru-
binemia: Shapiro, 2003); infections (e.g., meningitis),
inflammation (e.g., siderosis), neoplasms (e.g., acoustic
neuroma), genetic mutations affecting neural functions
(e.g., CMT disease: Starr et al., 2003) and ribbon
synapse function (Moser et al., 2013), optic neuropathy
(e.g., Huang et al., 2009), mitochondrial disorders such
as Friedreich’s ataxia (Cacace and Pinheiro, 2011), auto-
immune disorders (e.g., Guillain–Barré syndrome),
nutritional disorders (Attias et al., 2012), and degen-
erative changes accompanying aging (Masuda and
Kaga, 2011).

Neurologic examinations can identify neurologic
and medical conditions that are associated with AN.
These disorders include genetic mutations affecting
the optic nerve (Opa1 gene) and/or vestibular nerve
(Fujikawa and Starr, 2000; Santarelli et al., 2008;
Huang et al., 2009), disorders of peripheral nerves
(e.g., Starr et al., 2003; Butinar et al., 2008), metabolic
disorders causing neuropathies (e.g., Acar et al., 2012),
immune disorders e.g., Guillain–Barré syndrome
(Ueda and Kuroiwa, 2008), and inflammatory disorders
such as rupture of aneurysm producing siderosis (Nadol
et al., 2011) or as a consequence of meningitis (Celis-
Aguilar et al., 2012).

PATHOLOGIESOFAUDITORY
NEUROPATHY

Auditory nerve

Examination of human temporal bones (n¼5) from sub-
jects with hereditary disorders of auditory neural func-
tion (Spoendlin, 1974; Hallpike et al., 1980; Merchant
et al., 2001; Starr et al., 2003; Bahmad et al., 2007)
showed marked loss of auditory nerve ganglion cells,
nerve fibers and demyelination of many of the remain-
ing fibers (Fig. 28.6). Both the number and appearance of
inner and outer hair cells were normal (Fig. 28.7). The
neuropathology is consistent with deafferentation and
impaired neural conduction to affect both themagnitude
of auditory nerve input and the synchrony between
fibers (Wynne et al., 2013). Patients with AN due to com-
pression from acoustic neuromas also have loss of nerve
fibers and demyelination in proximity to the region of
compression. The pathology would lead to neural

conduction blocks and could possibly compromise
cochlear blood supply to affect hair cell function
(Matsunaga and Kanzaki, 2000).

Inner hair cells, but not ganglion cells, have been
shown to be selectively depleted in temporal bones
of some premature infants (Amatuzzi et al., 2011).
This selective inner hair cell loss, if expressed in term
infants, would be expected to show absent or marked
attenuation of inner hair cell summating receptor poten-
tials but intact neural potentials to electric stimulation
of auditory nerve.

Fig. 28.6. Auditory nerve adjacent to brainstem in the top

panel from auditory neuropathy (AN) subject (A) and age-

matched control (B) (osmium tetroxide, �400). Lower panel

from the AN subject shows high-power view (�1500) of audi-

tory nerve (C) and sural nerve (D). The arrows are directed to

thinly myelinated fibers in both nerves, reflecting incomplete

remyelination. (Reproduced from Starr et al., 2003, with

permission.)

Fig. 28.7. Intact inner hair cells (arrows) as seen between the

inner sulcus and inner pillar cells in a section cut on the bias

(osmium tetraoxide, hematoxylin and eosin, �650). (Repro-

duced from Starr et al., 2003, with permission.)
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AUDITORY NERVE DAMAGE ACCOMPANYING ACOUSTIC

TRAUMA

Attention to details of cochlear damage accompanying
excessive noise exposure has revealed immediate dam-
age to auditory nerve dendrites relative to the expression
of noise damage to hair cells and auditory nerve
dendrites (Furman et al., 2013; Moser et al., 2013). The
dendritic effects result from excessive neurotransmitter
release causing prolonged excitation of the dendrites
and their subsequent retraction from inner hair cells
by neurotransmitter release (glutamate) from inner hair
cell ribbon synapses. These effects are of greater magni-
tude with high- than low-threshold auditory nerve fibers.
Noise exposure can cause both delayed damage to audi-
tory ganglion cells and inner hair cell ribbon synapses.
These data suggest that noise-induced hearing disorders
such as tinnitus are due, in part, to AN affecting both
auditory nerve dendrites, a postsynaptic AN, and inner
hair cells, a presynaptic disorder AN.

INNER HAIR CELL RIBBON SYNAPSES

Physiologic studies of experimental animals with homo-
zygous OTOF mutations have marked impairment of
glutamate neurotransmitter release (Moser et al.,
2013). A compound mutation of OTOF mutations in
humans is expressed as a temperature-sensitive deafness
(Starr et al., 1998; Varga et al., 2006; Marlin et al., 2010).
Experimental animal models accompanying gene muta-
tions also have impaired inner hair cell neurotransmitter
release (Jing et al., 2013). In humans with temperature-
sensitive AN due to OTOF mutation, auditory nerve
activity is reduced during continuous sound stimulation
accompanied by abnormally rapid adaptation of loud-
ness to continuous auditory signals (Wynne et al., 2013).

In summary, the clinical picture of dysfunction of
auditory nerve (absent/abnormal ABRs in the presence
of preserved cochlear hair cell measures (OAEs and/or
CMs) has been shown to accompany: (1) disordered pre-
synaptic release of neurotransmitter by ribbon synapses
(Starr et al., 1998;Marlin et al., 2010); (2) deafferentation
accompanying loss of auditory nerve fibers (Starr et al.,
2003); and (3) conduction blocks (Wynne et al., 2013)
accompanying demyelination of nerve fibers.

The distinction between both etiology and site of the
disorder affecting auditory nerve function requires exper-
tise in several disciplines, including audiology, genetics,
neurology, psychoacoustics, and speech processing.

CLINICAL EXPRESSIONOFAUDITORY
NEUROPATHY

The prevalence of AN in adult populations is difficult
to determine as the physiologic assessments used to

identify the condition (ABR/CM/OAE) are not routinely
undertaken unless there are specific clinical indicators
for retrocochlear abnormality (asymmetric hearing/
unusually poor speech understanding) or a prior diagno-
sis of genetic disorder involving peripheral neuropathy
(e.g., Freidreich’s ataxia, CMT disorders). In pediatric
populations, on the other hand, electrophysiologic
assessment is the cornerstone of infant hearing testing
and universal screening has revealed that AN is a rela-
tively high-incidence condition, particularly amongst
babies in the neonatal intensive care unit. Data from
our laboratory over a 5-year period (1991–1996), for
example, found that 1 in every 423 (0.23%) special care
unit graduates presented with the AN result pattern
(Rance et al., 1999). We estimate that AN and ribbon syn-
apse disorders accounts for approximately 10% of all
permanent pediatric hearing loss.

In newborns in neonatal intensive care units (NICU)
there is increased incidence of AN in the presence of
metabolic disorders (e.g., acidosis, hypoxia) and infec-
tions. The latter may reflect the common use in the
ICU of antibiotics with cochlear toxicities. MRIs of
the brain commonly show diffuse periventricular brain
lesions. ABR abnormalities in many of these neonates
do resolve.

In healthy neonates abnormal ABRs occur at
increased incidence in families with a history of hearing
loss. If measures of hair cell function are preserved, AN
is a likely diagnosis. Several genetic mutations have been
identified as causal in these children. Atrophy of the
auditory nerve, either unilaterally or bilaterally, has been
identified by MRI and is a cause of AN (Buchman
et al., 2006).

In school-age children audiograms may show normal
or mild hearing loss in the presence of impaired speech
comprehension. Many of these children utilize lip read-
ing without their realization and definition of the disor-
der requires awareness of this compensatory
adjustment.

In adults the hearing disorder affects speech compre-
hension out of proportion to the audiogram loss. These
patients are aware of their deficits and that they become
exaggerated by background noise. Neurologic exam can
identify the site of the disorder as being neural by the
finding of neuropathies affecting other peripheral or
cranial nerves (most commonly, vestibular and/or optic)
that may be asymptomatic.

In an aging population AN is common and may
be related to the frequent occurrence of other cranial
(particularly vestibular, optic) and peripheral neuropa-
thies. These patients typically have abnormal cochlear
outer hair cell measures (OAEs, CMs) consistent with
a sensory hearing loss. When abnormalities of speech
comprehension are beyond that seen with cochlear
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hearing loss, AN may also be likely. The clinical and
objective assessment of peripheral and other cranial
nerve functions may help identify the hearing disorder
as being affected by neural disorder. Cochlear implanta-
tion has been shown to be of benefit for speech compre-
hension in these elderly subjects (Orabi et al., 2006;
Poissant et al., 2008; Carlson et al., 2010).

Noise-induced hearing loss is a form of AN initially
affecting auditory nerve dendritic connections with
inner hair cells.

HEARINGDISORDERSACCOMPANYING
AUDITORY NEUROPATHY

Among the various hearing difficulties experienced by
AN patients, two are particularly important: sound
detection thresholds and speech perception.

Sound detection thresholds

Hearing threshold levels in individuals with AN vary
across the audiometric range independently of whether
the ABR is present or absent. Sound detection thresh-
olds in both adult and pediatric populations are evenly
distributed and range from normal to profound levels
(Rance et al., 1999; Sininger and Oba, 2001; Berlin
et al., 2010).

Importantly, discrimination of complex acoustic sig-
nals (e.g., speech) is not significantly correlated with
audibility in individuals with AN (Zeng et al., 2001;
Rance et al., 2002). In contrast, our experience has been
that perception in cases with sensory hearing loss is
closely related to audibility, with those individuals pre-
senting with profoundly impaired sound detection
thresholds showing the poorest perception (Yellin
et al., 1989; Rance et al., 2002). AN listeners with hearing
thresholds in the profound range also suffer extreme dis-
crimination deficits, but so do individuals with normal or
near-normal sound detection (Starr et al., 1996; Zeng
et al., 2005; Rance et al., 2008). As such, it is often the
degree towhich the neural representation of sound is dis-
torted rather than audibility in this group that determines
perceptual ability.

Speech perception

Speech comprehension difficulty is a consistently
reported feature of AN. Most affected adults have
shown perceptual deficits greater than predicted from
their audiogram (Starr et al., 1996, 2000; Zeng et al.,
2001; Rance et al., 2008). Results in children have been
more variable. At best, young listeners with AN show
speech perception test results comparable to their peers
with sensory (cochlear) hearing loss. At worst, they show

no functional hearing ability at all despite (in many
cases) enjoying complete access to the normal speech
spectrum. Figure 28.8 shows this broad spread of percep-
tual performance, reflecting the lack of a significant
relationship between speech understanding and audibil-
ity in both adults and children with AN. As can be seen
from these data, approximately 50% of AN cases show
perceptual ability poorer than the expectedminimum for
sensory hearing loss of equivalent degree.

In addition to these perceptual limitations in quiet,
speech understanding in noise is a particular problem
for listeners with AN-type hearing loss (Zeng and Liu,
2006; Rance et al., 2008). As demonstrated in
Figure 28.9 (which shows speech perception findings
for a group of patients with Friedreich ataxia), even
those individuals with AN who enjoy relatively normal
perception in favorable (quiet) conditions struggle to

Fig. 28.8. Open-set speech perception scores (in quiet) plotted

against average hearing level (HL) for adults (A) and children

(B) with auditory neuropathy who have been presented in the

literature. The filled data points represent findings from open-

set word tests and the open points show open-set sentence test

results. The gray area represents the expected performance

range for ears with sensory hearing loss. (Reproduced from

Yellin et al., 1989, with permission.)
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discriminate speech in background noise. For instance,
signal-to-noise ratios of around 0–3 dB are typical and
accepted in “real-life” listening environments such as
school classrooms and open-plan offices. In contrast,
the majority of AN subjects report comprehension diffi-
culties when exposed to the typical signal-to-noise ratios
of <3 dB that affect most of their day-to-day interac-
tions. Psychophysical studies have shown the same
degree of impaired comprehension in both simultaneous
(where the signal is presented within the noise) and non-
simultaneous (where the noise occurs immediately
before or after the signal) masking experiments
(Kraus et al., 2000; Zeng et al., 2005; Vinay and
Moore, 2007). As such, it appears that listeners with
AN are less able to separate sounds occurring succes-
sively, a temporal processing disorder. In an everyday
listening context, where the level of background noise
fluctuates, this temporal processing deficit might impair
the listener’s ability to use brief gaps in the noise to opti-
mize speech understanding (Fig. 28.9).

AUDITORY PROCESSING INAUDITORY
NEUROPATHY

The mismatch between audibility and speech understand-
ing in listeners with AN suggests that distortions of supra-
threshold cues is the limiting factor in perceptual
performance (Starr et al., 1996, 2000; Rance et al., 1999,
2002, 2012a). Speech perception ability in fact appears
closely related to the degree of neural disruption in
VIIIth-nerve and central auditory pathways (Kraus
et al., 2000; Rance et al., 2002; Zeng et al., 2005). Psycho-
physical studies investigating theways inwhich thisdisrup-
tion affects basic auditory processing have revealed that
AN produces a pattern of effects quite distinct from that

causedbysensoryhearing loss. Forexample,as thecochlea
is responsible for the initial processing of spectral cues
(through the precise tonotopic arrangement of signals
along the basilar membrane), sensory hearing loss is usu-
ally associated with impaired “frequency resolution” (the
ability to perceive (resolve) the frequency components ofa
complex sound) (Rance et al., 2008). ListenerswithANon
the other hand (who typically show evidence of normal
cochlear (outer hair cell) function) generally enjoy normal
cochlear frequency processing for high but not low fre-
quencies (Cacace et al., 1983; Starr et al., 1991; Rance
et al., 2004; Zeng et al., 2005; Vinay and Moore, 2007).
Similarly, intensity discrimination (the capacity to detect
level differences between sounds) which is also largely
determined by cochlear-level processing, is relatively nor-
mal in AN listeners (Zeng et al., 2005).

Temperature-sensitive forms of AN due to mutations
of OTOF (Starr et al., 1998; Marlin et al., 2010; Wynne
et al., 2013) show clinical features that vary in degree
as body temperature changes. When afebrile, their tem-
poral processing ability (e.g., gap detection threshold)
and speech comprehension may be normal. However,
for sustained stimuli they experience marked adaptation
of loudness similar to that described for acoustic neuro-
mas. When body temperature rises their ability to com-
prehend speech is markedly impaired. It appears that
temperature-sensitive AN degrades ribbon synaptic neu-
rotransmitter release to be both reduced and dyssynchro-
nous, even at stimulus onset, and then both impairments
increase during continuous stimulation. In contrast, neu-
ral forms of AN show normal adaptation to sustained
stimulation (Wynne et al., 2013). Abnormal adaptation
is a hallmark of presynaptic AN due to ribbon synaptic
disorder. (Santarelli et al., 2008) The impairment of neu-
rotransmitter release likely participates in affecting
speech perception in noise.

In contrast, by disrupting the integrity of the temporal
neural code, AN affects perception based upon timing
cues. In particular, temporal resolution (the ability to
perceive rapid changes in auditory signals over time)
and the temporal aspects of pitch discrimination can
be severely compromised. In AN, temporal resolution
deficits have been demonstrated both in “gap detection”
tasks where listeners with AN typically require a silent
period 2–5 times longer than normal controls before they
become aware of a change in a continuous signal (Starr
et al., 1991; Zeng et al., 2005) and in “amplitude modu-
lation detection,” where they show an impaired ability to
track rapid signal envelope changes (Rance et al., 2004,
2010, 2012a; Zeng et al., 2005).

As well as demonstrating monaural temporal proces-
sing limitations, individuals with AN show impaired abil-
ity to integrate binaural difference cues. Abnormal
masking-level difference (MLD) results, for example,

Fig. 28.9. Speech perception in Friedreich ataxia. Results

were obtained in quiet listening conditions and in background

noise at three signal-to-noise (S/N) ratios. The shaded area

represents the 95% confidence range for a matched control

group. CNC, Consonant-Nucleus-Consonant. (Reproduced

from Rance et al., 2008, with permission.)
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are a consistently reported finding (Starr et al., 1991,
1996; Hood, 1999). MLD assessment measures the
release from masking obtained when a signal or noise
is presented out of phase with a competing signal in
the contralateral ear. Normal subjects typically show
anMLD (with dichotic phase inversion) of� 10 dB, indi-
cating that phase information from each ear has been
accurately represented at the level of the lower brain-
stem (Licklider, 1948). AN subjects, in contrast, typically
show little or no masking release, suggesting an inability
to accurately combine the neural code from each ear.
This impaired ability to generate normal neural
responses to monaural signals also accounts for their
marked impairment to judge sound direction. When a
sound emanates from any point other than directly in
front of, or behind, the listener, the signal travels an
unequal distance to each ear, giving rise to subtle
(<1 ms) interaural time differences. Furthermore, the
head acts as a barrier when the source is not directly
in front or behind, which results in interaural level differ-
ences (of� 10 dB). These difference cues are initially
processed in the superior olivary complex of the brain-
stem where neural impulses originating in left and right
auditory nerves converge on the same neural elements.
These neurons are tuned to subtle binaural time and
intensity differences essential for location (and move-
ment) (Riedel and Kollmeier, 2002). While localization
based on intensity cues is unimpaired in AN listeners,
a number of studies have found that even gross inter-
aural timing differences (>0.5 ms) are not interpreted
as changes in sound direction (Starr et al., 1991; Zeng
et al., 2005).

Sound localization has obvious benefits, alerting the
normal listener to possible information sources and envi-
ronmental dangers. In addition, sound localization cues
may be used to improve perception in background noise
when a target signal (such as speech) and competing
noise arise from different directions (Micheyl et al.,
2007) and or different spectral sources. AN affects
the ability to selectively attend to a particular voice
based on its location and, as a result, affected listeners
typically require much higher signal-to-noise ratios
(or lower noise levels) than their normal peers to com-
prehend speech and communicate effectively (Rance
et al., 2012b).

TREATMENTOFAUDITORY
NEUROPATHY

There are two main approaches to reducing the func-
tional hearing deficit in individuals with hearing impair-
ment. The first is to improve the listening environment.
The second is to amplify/modify the signal reaching the
listener’s ear to maximize access to its salient cues.

Signal clarity

Listening-in-noise difficulty is a cardinal feature of AN,
and as such, any approach that improves the signal-to-
noise ratio (i.e., the relative loudness of speech to back-
ground noise) is likely to be important. Simple “listening
tactics,” whereby the individual physically structures the
communication environment to reduce ambient noise
and maximize the clarity of the speaker’s voice, may
be beneficial for general communication. Sound-field
amplification systems, which amplify the speaker’s
voice (via loudspeakers), may also be useful for struc-
tured listening situations such as the school classroom
or auditorium (Johnstone et al., 2009).

Another approach involves the use of “FM-listening”
systems. These devices, which have been used exten-
sively in children and adults with sensory hearing loss,
transmit speech signals (detected by a lapel-worn micro-
phone) via radio waves to ear-level receivers worn by the
listener. As a result, the listener obtains a signal-to-noise
ratio advantage from the proximity of the speaker’s
mouth to the transmitter microphone. Recent data from
our laboratory have demonstrated significant speech
perception and general communication benefits in a
group of children and adults with AN due to Friedreich
ataxia (Rance et al., 2010).

Amplification (hearing aid)

The basic function of conventional hearing aids is to
amplify sound. As such, they can make environmental
sounds and speech louder (allowing access to AN lis-
teners with impaired sound detection) but they cannot
improve the clarity of the sounds. Amplification out-
comes in patients have been mixed. Some children (per-
haps those with lesser degrees of temporal disruption)
have responded well to hearing aids and have shown
aided speech perception abilities consistent with their
sensorineural counterparts (Rance et al., 2002; Roush
et al., 2011; Ching et al., 2013). In many youngsters
and almost all affected adults, however, conventional
amplification has been of little or no benefit (Starr
et al., 1996; Rance, 2005; Berlin et al., 2010). As a result,
digital signal processing hearing aids designed to accen-
tuate temporal and/or amplitude differences in the
acoustic signal have been considered (Zeng et al.,
2001; Narne and Vanaja, 2008) and may, in the future,
improve outcomes in some cases.

Digital signal processing hearing aids can be pro-
grammed to process complex sounds (such as speech)
in real time. They are not limited to making sounds lou-
der, but can additionally (or alternatively) enhance the
acoustic information that contributes most to intelligibil-
ity for people with a hearing impairment. Furthermore,
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they can reduce the deleterious effects of unwanted
background noise. For people who have specific difficul-
ties with the perception of temporal information, sound-
processing schemes have been devised that make timing
cues more salient. For example, exaggerating the
changes in level that occur in natural acoustic signals
over a relatively short time scale can enhance temporal
information. This process is known as amplitude
expansion.

Cochlear electric implants

Cochlear implantation is currently the intervention
option of choice for AN patients with severe auditory
processing difficulties but not for children less than a
year. Most reported cases have shown significant per-
ceptual benefits and speech perception performance
equivalent to that obtained by implantees with cochlear
hearing loss (Trautwein et al., 2001; Madden et al.,
2002; Shallop, 2002; Mason et al., 2003; Zeng and Liu,
2006; Teagle et al., 2010). These findings may seem
counterintuitive, as the signal provided by the implant
must still pass through a pathologic inner hair cell and/or
a pathologic auditory nerve. Of the >200 AN cases
reported, only a handful have had poor outcomes
(Miyamoto et al., 1999; Rance et al., 1999; Teagle
et al., 2010; Roush et al., 2011). Significantly, most sub-
jects with cochlear implants show normal ABRs to elec-
tric stimulation (where previously to acoustic
stimulation they had not). This suggests either an
increase in the number of neural elements contributing
to the evoked response (perhaps as a result of bypassing
peripheral abnormality and stimulating the spiral gan-
glion and/or first node of Ranvier in auditory dendrites
directly) or an improvement in the synchrony of neural
firing. Whatever the explanation, it would seem that
cochlear implants offer a viable means of improving
functional hearing in most individuals with AN.

In the selection of candidates for cochlear implanta-
tion, the first criterion is the preservation of a normal-
sized auditory nerve, as shown by MRI.

The audiologic measures in cochlear implantation
candidates usually fall into two categories:

1. Those with hearing thresholds in the severe/
profound range. In such cases the benefit of a hear-
ing aid is limited and implantation should be under-
taken as soon as reliable sound detection thresholds
can be obtained. In children this is typically possible
from�8 to 12 months of age.

2. Those with hearing thresholds in the normal to mod-
erate range, but in whom poor discrimination may
pose a problem. In children with AN, speech percep-
tion ability cannot be reliably evaluated until �3–4
years of age. This is obviously later than desirable.

Research is needed to develop objective measures
that can predict long-term auditory capacity and
allow cochlear implantation candidature decisions
to be made in infancy. In contrast, adults with AN
who have impaired speech perception but relatively
normal audiograms should be considered for
implantation.

NEWDIRECTIONS

The quantification of auditory function in AN may be
useful biomarkers of changes in function of certain
hereditary or metabolic disorders affecting cranial or
peripheral nerves (e.g., Friedreich’s ataxia (Rance
et al., 2008, 2012b) and CMT (Rance et al., 2012a)).
The ABR measures of latency are stable and the effects
of variables such as core temperature, gender, or
cochlear damage are well known. The ability to define
conduction times between the distal and proximal por-
tions of the auditory nerve (Butinar et al., 2008) and
between auditory brainstem structures (Starr and
Achor, 1975) enhances the detection of slight alterations
of function before symptoms or neurologic signs of
progression occur.

The use of cortical electrophysiologic measures
(Wynne et al., 2013) may provide information as to the
capacity of the central auditory system to reorganize
and deal with the disordered ribbon synapses and audi-
tory nerve fibers.

REFERENCES

Acar M, Aycan Z, Acar B et al. (2012). Audiologic evaluation

in pediatric patients with type 1 diabetes mellitus. J Pediatr

Endocrinol Metab 25 (5–6): 503–508.
Amatuzzi M, Liberman MC, Northrop C (2011). Selective

inner hair cell loss in prematurity: a temporal bone study

of infants from a neonatal intensive care unit. J Assoc

Res Otolaryngol 12 (5): 595–604.
Attias J, Raveh E, Aizer-Dannon A et al. (2012). Auditory sys-

tem dysfunction due to infantile thiamine deficiency: long-

term auditory sequelae. Audiol Neurootol 17 (5): 309–320.
Bahmad Jr F, Merchant SN, Nadol Jr JB et al. (2007).

Otopathology in Mohr-Tranebjaerg syndrome. Laryngoscope

117 (7): 1202–1208.
Berlin CI, Bordelon J, St John P et al. (1998). Reversing click

polarity may uncover auditory neuropathy in infants. Ear

Hear 19 (1): 37–47.
Berlin CI, Hood LJ,Morlet T et al. (2010).Multi-site diagnosis

and management of 260 patients with auditory neuropathy/

dys-synchrony (auditory neuropathy spectrum disorder).

Int J Audiol 49 (1): 30–43.
Buchman CA, Roush PA, Teagle HFB et al. (2006). Auditory

neuropathy characteristics in children with cochlear nerve

deficiency. Ear Hear 27: 399–408.

AUDITORY NEUROPATHY 505

http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0005
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0005
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0005
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0010
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0010
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0010
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0010
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0015
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0015
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0015
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0020
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0020
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0020
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0025
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0025
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0025
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0030
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0030
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0030
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0030
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0035
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0035
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0035


Butinar D, Starr A, Zidar J et al. (2008). Auditory nerve

is affected in one of two different point mutations of the

neurofilament light gene. Clin Neurophysiol 119 (2):
367–375.

Cacace AT, Pinheiro JM (2011). The mitochondrial connec-

tion in auditory neuropathy. Audiol Neurootol 16 (6):
398–413.

Cacace AT, Satya Murti S, Grimes CT (1983). Frequency

selectivity and temporal processing in Friedreich’s ataxia.

Ann Otol Rhinol Laryngol 92: 276–280.

Carlson ML, Breen JT, Gifford RH et al. (2010). Cochlear

implantation in the octogenarian and nonagenarian. Otol

Neurotol 31 (8): 1343–1349.
Celis-Aguilar E, Macias-Valle L, Coutinho-De Toledo H

(2012). Auditory neuropathy secondary to cryptococcal

central nervous system infection in 2 immunocompromised

patients. Otolaryngol Head Neck Surg 147 (3): 597–598.

Ching T, Day J, Dillon H et al. (2013). Impact of the presence

of auditory neuropathy spectrum disorder (ANSD) on

outcomes of children at 3 years of age. Int J Audiol 52

(Suppl 2): S55–S64.
Eggermont JJ, Odenthal D (1974). Methods in eletrtocochleo-

graohy. Acta Otolaryngol Suppl 316: 17–24.

Fujikawa S, Starr A (2000). Vestibular neuropathy accompa-

nying auditory and peripheral neuropathies. Arch

Otolaryngol Head Neck Surg 126 (12): 1453–1456.
Furman AC, Kujawa SG, Liberman MC (2013). Noise-

induced cochlear neuropathy is selective for fibers with

low spontaneous rates. J Neurophysiol 110 (3): 577–586.
Galambos R, Despland PA (1980). The auditory brainstem

response (ABR) evaluates risk factors for hearing loss in

the newborn. Pediatr Res 14 (2): 159–163.
Hallpike CS, Harriman DG, Wells CE (1980). A case of affer-

ent neuropathy and deafness. J Laryngol Otol 94 (8):
945–964.

Hecox K, Galambos R (1974). Brain stem auditory evoked

responses in human infants and adults. Arch Otolaryngol

99 (1): 30–33.
Hildesheimer M, Muchnik C, Rubinstein M (1985). Problems

in interpretation of brainstem-evoked response audiometry

results. Audiology 24: 374–379.
Hood LJ (1999). A review of objective methods of evaluating

neural pathways. Laryngoscope 109: 1745–1748.

Huang T, Santarelli R, Starr A (2009). Mutation of OPA1 gene

causes deafness by affecting function of auditory nerve ter-

minals. Brain Res 1300: 97–104.

Jing Z, Rutherford MA, Takago H et al. (2013). Disruption of

the presynaptic cytomatrix protein bassoon degrades rib-

bon anchorage, multiquantal release, and sound encoding

at the hair cell afferent synapse. J Neurosci 33 (10):

4456–4467.
Johnstone KN, John AB, Hall JW et al. (2009). Multiple

benefits of personal FM system use by children with

auditory processing disorder (APD). Int J Audiol 48:
371–383.

Kaga K, Tanaka Y (1980). Auditory brainstem response and

behavioral audiometry. Developmental correlates. Arch

Otolaryngol 106 (9): 564–566.

Kraus N, Ozdamar O, Stein L et al. (1984). Absent auditory

brain stem response: peripheral hearing loss or brain stem

dysfunction. Laryngoscope 94 (3): 400–406.
Kraus N, Bradlow AR, Cheatham J et al. (2000).

Consequences of neural asynchrony: a case of auditory

neuropathy. J Assoc Res Otolaryngol 1 (1): 33–45.
Licklider JCR (1948). The influence of interaural phase rela-

tion upon the masking of speech by white noise. J Acoust

Soc Am 20: 150–159.
Madden C, Rutter M, Hilbert L et al. (2002). Clinical and audi-

ological features in auditory neuropathy. Arch Otolaryngol

Head Neck Surg 128: 1026–1030.
Marlin S, Feldmann D, Nguyen Y et al. (2010). Temperature-

sensitive auditory neuropathy associated with an otoferlin

mutation: Deafening fever! Biochem Biophys Res

Commun 394 (3): 737–742.
Martin WH, Pratt H, Schwegler JW (1995). The origin of the

human auditory brain-stem response wave II.

Electroencephalogr Clin Neurophysiol 96 (4): 357–370.
Mason JC, De Michele A, Stevens C et al. (2003). Cochlear

implantation in patients with auditory neuropathy of varied

etiologies. Laryngoscope 113 (1): 45–49.
Masuda T, Kaga K (2011). Influence of aging over 10 years on

auditory and vestibular functions in three patients with

auditory neuropathy. Acta Otolaryngol 131 (5): 562–568.
Matsunaga T, Kanzaki J (2000). Morphological evidence that

impaired intraneural microcirculation is a possible mecha-

nism of eighth nerve conduction block in acoustic neuro-

mas. Eur Arch Otorhinolaryngol 257 (8): 412–417.
Merchant SN, McKenna MJ, Nadol Jr JB et al. (2001).

Temporal bone histopathologic and genetic studies in

Mohr-Tranebjaerg syndrome (DFN-1). Otol Neurotol 22
(4): 506–511.

Michalewski HW, Starr A, Nguyen TT et al. (2005). Auditory

temporal processes in normal hearing individuals and in

patients with auditory neuropathy. Clin Neurophysiol 116

(3): 669–680.
Michalewski HJ, Starr A, Zeng FG et al. (2009). N100 cortical

potentials accompanying disrupted auditory nerve activity

in auditory neuropathy (AN): effects of signal intensity and

continuous noise. Clin Neurophysiol 120 (7): 1352–1363.
Micheyl C, Carlyon RP, Gutshalk A et al. (2007). The role of

auditory cortex in the formation of auditory streams. Hear

Res 229: 116–131.
Miyamoto RT, Iler Kirk K, Renshaw J et al. (1999). Cochlear

implantation in auditory neuropathy. Laryngoscope 109:

181–185.
Moser T, Predoehl F, Starr A (2013). Review of hair cell syn-

apse defects in sensorineural hearing impairment. Otol

Neurotol 34 (6): 995–1004.

Nadol Jr JB, Adams JC, O’Malley JT (2011). Temporal bone

histopathology in a case of sensorineural hearing loss

caused by superficial siderosis of the central nervous sys-

tem and treated by cochlear implantation. Otol Neurotol

32 (5): 748–755.
Narne VK, Vanaja CS (2008). Speech identification and

cortical potentials in individuals with auditory neuropathy.

Behav Brain Funct 4: 15.

506 A. STARR AND G. RANCE

http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0040
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0040
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0040
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0040
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0045
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0045
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0045
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0050
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0050
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0050
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0055
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0055
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0055
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0060
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0060
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0060
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0060
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0065
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0065
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0065
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0065
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0070
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0070
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0075
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0075
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0075
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0080
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0080
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0080
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0085
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0085
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0085
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0090
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0090
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0090
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0095
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0095
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0095
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf9000
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf9000
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf9000
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0100
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0100
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0105
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0105
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0105
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0110
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0110
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0110
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0110
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0110
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0115
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0115
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0115
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0115
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0120
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0120
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0120
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0125
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0125
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0125
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0130
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0130
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0130
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0135
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0135
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0135
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf9015
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf9015
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf9015
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0140
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0140
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0140
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0140
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0145
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0145
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0145
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf9025
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf9025
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf9025
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0150
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0150
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0150
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0155
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0155
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0155
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0155
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0160
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0160
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0160
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0160
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0165
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0165
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0165
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0165
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0170
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0170
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0170
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0170
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0175
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0175
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0175
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0180
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0180
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0180
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0185
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0185
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0185
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0190
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0190
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0190
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0190
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf0190
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf9005
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf9005
http://refhub.elsevier.com/B978-0-444-62630-1.00028-7/rf9005


Norton SJ, GorgaMP,Widen JE et al. (2000). Identification of

neonatal hearing impairment: summary and recommenda-

tions. Ear Hear 21 (5): 529–535.
Onishi S, Davis H (1968). Effects of duration and rise time of

tone bursts on evoked V potentials. J Acoust Soc Am 44 (2):
582–591.

Orabi AA, Mawman D, Al-Zoubi F et al. (2006). Cochlear im-

plant outcomes and quality of life in the elderly: Manchester

experience over 13 years. Clin Otolaryngol 31 (2): 116–122.
Poissant SF, Beaudoin F, Huang J et al. (2008). Impact of

cochlear implantation on speech understanding, depres-

sion, and loneliness in the elderly. J Otolaryngol Head

Neck Surg 37 (4): 488–494.
Rance G (2005). Auditory neuropathy/dys-synchrony and its

perceptual consequences. Trends Amplif 9 (1): 1–433.
RanceG, BeerDE, Cone-WessonB et al. (1999). Clinical find-

ings for a group of infants and young childrenwith auditory

neuropathy. Ear Hear 20 (3): 238–252.
Rance G, Cone-Wesson B, Wunderlich J et al. (2002). Speech

perception and cortical event related potentials in children

with auditory neuropathy. Ear Hear 23: 239–253.
Rance G, McKay C, Grayden D (2004). Perceptual character-

isation of children with auditory neuropathy. Ear Hear 25:

34–46.
Rance G, Fava R, Baldock H et al. (2008). Speech perception

ability in individualswith Friedreich ataxia. Brain 131 (Pt 8):
2002–2012.

Rance G, Corben LA, DuBourg E et al. (2010). Successful

treatment of auditory perceptual disorder in individuals

with Friedreich ataxia. Neuroscience 171: 552–555.

Rance G, Ryan MM, Bayliss K et al. (2012a). Auditory func-

tion in children with Charcot-Marie-Tooth disease. Brain

135: 1412–1422.

Rance G, O’Hare F, O’Leary S et al. (2012b). Auditory proces-

sing deficits in individuals with primary open-angle glau-

coma. Int J Audiol 51 (1): 10–15.

Riedel H, Kollmeier B (2002). Comparison of binaural

auditory brainstem responses and the binaural difference

potential evoked by chirps and clicks. Hear Res 169
(1–2): 85–96.

Rodrı́guez-Ballesteros M, Reynoso R, Olarte M et al. (2008).

A multicenter study on the prevalence and spectrum of

mutations in the otoferlin gene (OTOF) in subjects with

nonsyndromic hearing impairment and auditory neuropa-

thy. Hum Mutat 29 (6): 823–831.
Roush P, Frymark T, Venedtiktov R et al. (2011). Audiologic

management of auditory neuropathy spectrum disorder in

children: a systematic review of the literature. Am

J Audiol 20: 159–170.
Santarelli R (2010). Information from cochlear potentials and

genetic mutations helps localize the lesion site in auditory

neuropathy. Genome Med 2 (12): 91.
Santarelli R, Arslan E (2002). Electrocochleography in audi-

tory neuropathy. Hear Res 170 (1–2): 32–47.
Santarelli R, Starr A,Michalewski HJ et al. (2008). Neural and

receptor cochlear potentials obtained by transtympanic

electrocochleography in auditory neuropathy. Clin

Neurophysiol 119 (5): 1028–1041.

Satya-Murti S, Wolpaw JR, Cacace AT et al. (1983). Late

auditory evoked potentials can occur without brain stem

potentials. Electroencephalogr Clin Neurophysiol 56 (4):
304–308.

Shallop JK (2002). Auditory neuropathy spectrum

disorder in adults and children. Seminars in Hearing 23
(3): 215–223.

Shapiro SM (2003). Bilirubin toxicity in the developing ner-

vous system. Pediatr Neurol 29 (5): 410–421.
Sininger YS, Oba S (2001). Patients with auditory neuropathy:

Who are they and what can they hear? In: YS Sininger,

A Starr (Eds.), Auditory Neuropathy, Singular

Publishing, San Diego, pp. 15–36.

Spoendlin H (1974). Optic cochleovestibular degenerations in

hereditary ataxias. II. Temporal bone pathology in two

cases of Friedreich’s ataxia with vestibulo-cochlear disor-

ders. Brain 97 (1): 41–48.

Starr A, Achor J (1975). Auditory brain stem responses in neu-

rological disease. Arch Neurol 32 (11): 761–768.
Starr A, McPherson D, Patterson J et al. (1991). Absence of

timing cues. Brain 114 (Pt 3): 1157–1180.
Starr A, Picton TW, Sininger YS et al. (1996). Auditory neu-

ropathy. Brain 119 (3): 741–753.

Starr A, Sininger Y,Winter M et al. (1998). Transient deafness

due to temperature-sensitive auditory neuropathy. Ear Hear

19 (3): 169–179.
Starr A, Sininger YS, Pratt H (2000). The varieties of

auditory neuropathy. J Basic Clin Physiol Pharmacol 11
(3): 215–230.

Starr A, Sininger Y, Nguyen T et al. (2001). Cochlear receptor

(microphonic and summating potentials, otoacoustic emis-

sions) and auditory pathway (auditory brain stem poten-

tials) activity in auditory neuropathy. Ear Hear 22 (2):

91–99.
Starr A, Michalewski HJ, Zeng FG et al. (2003).

Pathology and physiology of auditory neuropathy with

a novel mutation in the MPZ gene (Tyr145->Ser).

Brain 126 (Pt 7): 1604–1619, Erratum in: Brain 2003;
126(Pt 7):1718.

Teagle H, Roush P, Woodward JS et al. (2010). Cochlear

implantation in children with auditory neuropathy

spectrum disorder. Am J Audiol 20: 159–170.
Trautwein P, Shallop J, Fabry L et al. (2001). Cochlear implan-

tation of patients with auditory neuropathy. In:

YS Sininger, A Starr (Eds.), Auditory Neuropathy,

Singular Publishing, San Diego, CA, pp. 203–232.

Ueda N, Kuroiwa Y (2008). Sensorineural deafness in
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